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Full-span wind tunne l  model tests a t  1/9-scale were performed t o  
e s t a b l i s h  s a f e t y  of f l i g h t  and performance p r e d i c t i o n s  f o r  t h e  PTA air- 
c r a f t .  Semispan model t es t s  a t  t h e  same scale were performed t o  measure 
f low f i e l d  p r o p e r t i e s  ( l o c a l  v e l o c i t y  and f low a n g u l a r i t y )  i n  t h e  r eg ions  
where t h e  propfan ope ra t e s ,  To understand and be a b l e  t o  scale d a t a  from 
t h e  powered model tests, t h e  1/9-scale SR7L propfan r o t o r  was a l s o  t e s t e d  
on an i s o l a t e d  nace l l e .  
The s a f e t y  of f l i g h t  and performance d a t a  were taken  i n  t h e  NASA- 
Langley 4M x 7M Subsonic Wind Tunnel a t  Mach 0.167 and 0.2 and i n  t h e  
NASA-Langley 16-Ft Transonic  Aerodynamics Wind Tunnel a t  Mach 0.4 t o  0.85. 
The flow survey d a t a  were taken  i n  t h e  NASA-Lewis 8-Ft x 6-Ft Supersonic 
Wind Tunnel a t  Mach 0.6 t o  0.85. Reynolds numbers based on MAC ranged 
from approximately 0.2 x 106 t o  5 x 106. 
The models were fu l l - span  and sting-mounted f o r  a l l  tes ts  except  t h e  
high-speed flow survey tests. For t h e  l a t t e r ,  t h e  model was modified t o  a 
ha l f - fuse l age ,  semispan c o n f i g u r a t i o n  and mounted from t h e  tunnel  s i d e  
w a l l .  
Major emphases i n  the  f l i g h t  sa fe ty lper formance  tests were on wing 
s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  and aerodynamic f o r c e s  and moments. The 
g e n e r a l  philosophy of t h e s e  tests was t o  o b t a i n  d a t a  from the G I 1  a i r p l a n e  
model f o r  a b a s e l i n e  and e s t a b l i s h  increments from t h a t  b a s e l i n e  as  t h e  
PTA i n s t a l l a t i o n  was b u i l t  up. These increments were t h e n  app l i ed  t o  
e s t a b l i s h e d  G I 1  f l i g h t  test  d a t a  t o  p r e d i c t  PTA performance. 
As expected, t h e  a d d i t i o n  of t h e  PTA hardware t o  t h e  G I 1  a i r c ra f t :  
o Increased  d rag  s i g n i f i c a n t l y  
o Increased  wing l i f t  and nose-up p i t c h i n g  moment ( thereby  s l i g h t l y  
reducing p i t c h  s t a b i l i t y  
o Increased  s ide f o r c e  due t o  s i d e s l i p  
o Decreased yawing and r o l l i n g  moments due t o  s i d e s l i p  
o S l i g h t l y  a f f e c t e d  rudder and e l e v a t o r  e f f e c t i v e n e s s  
o S i g n i f i c a n t l y  reduced r o l l  c o n t r o l  power 
o Reduced maximum l i f t  c o e f f i c i e n t s  
Genera l ly ,  wind t u n n e l  d a t a  were p r e d i c t e d  w i t h  good accuracy by t h e  
i n v i s c i d  panel code QUADPAN. Th i s  was t r u e  no t  on ly  of model f o r c e s  and 
moments and s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  b u t  a l s o  of t h e  flow f i e l d  
p r o p e r t i e s  o f f  t h e  s u r f a c e  i n  t h e  region of t h e  propfan. 
These model tests, t o g e t h e r  w i th  supplementary QUADPAN ana lyses ,  
provided t h e  d a t a  t o  v e r i f y  from s t a b i l i t y ,  c o n t r o l ,  handl ing ,  and per- 
formance s t a n d p o i n t s  t h a t  t h e  proposed PTA a i r c r a f t  would be a s u i t a b l e  
v e h i c l e  f o r  f l i g h t  r e sea rch  tes ts  of t h e  l a rge - sca l e  SR-7L propfan. 

2.0 INTRODUCTION 
The NASA-Lewis Propfan T e s t  Assessment (PTA) Program was i n i t i a t e d  i n  
1984 t o  develop and f l y  a t e s tbed  a i r c r a f t  f o r  eva lua t ion  of t h e  Large- 
Sca le  Advanced P r o p e l l e r  (LAP) a l r eady  under development a t  Hamilton 
Standard.  A c o n t r a c t  was awarded t o  t h e  Lockheed-Georgia Company f o r  t h e  
des ign  and modi f ica t ion  requi red  t o  conver t  a Gulfs t ream Aerospace 
Corporat ion G I 1  a i r c r a f t  t o  t he  PTA conf igura t ion .  The PTA conf igu ra t ion  
proposed cons i s t ed  of i n s t a l l a t i o n  of an engine n a c e l l e  on t h e  lef t -hand 
wing of t h e  GII, a d d i t i o n  of an a c o u s t i c  i n s t rumen ta t ion  boom outboard of 
t h e  n a c e l l e ,  and a d d i t i o n  of wing t i p  booms f o r  s ta t ic  and dynamic 
balance. These modi f ica t ions  i n  t u r n  requi red  conf igu ra t ion  changes such 
as d e a c t i v a t i o n  of some wing s p o i l e r  panels.  
To a s su re  s a f e t y  of f l i g h t  and v a l i d a t e  performance p r e d i c t i o n s  of 
t h e  PTA a i r c r a f t ,  small-scale wind tunnel  tests were planned. Tests were 
needed a t  low-speed f l i g h t  cond i t ions  and a t  speeds up t o  Mach 0.85. 
Force and moment d a t a  were needed f o r  performance and handl ing q u a l i t i e s  
e v a l u a t i o n ,  and s u r f a c e  s t a t i c  pressure  d a t a  were needed t o  e x p l a i n  flow 
phenomena and v a l i d a t e  loads  pred ic t ions .  
A major o b j e c t i v e  of t h e  PTA Program is  t o  measure v i b r a t o r y  stresses 
on the  LAP r o t o r  b lades  i n  f l i g h t  and compare them w i t h  p red ic t ed  values .  
S ince  the  f i r s t  s t e p  i n  the  blade stress p r e d i c t i o n  process  is t o  p r e d i c t  
t h e  blade flow environment, a f u r t h e r  o b j e c t i v e  of t h e  small-scale tests 
w a s  t o  measure flow f i e l d  d a t a  i n  t h e  v i c i n i t y  of t h e  propfan r o t o r  and 
compare those  d a t a  wi th  p red ic t ed  values .  
A new 1/9-scale model w a s  b u i l t  f o r  t h e s e  tests. Maximum scale was 
l imi t ed  by the  s i z e s  of a v a i l a b l e  wind tunne l s  and minimum scale by the  
d i f f i c u l t i e s  of modeling small propfan r o t o r s  and d r i v e  systems. The 1/9- 
scale set  the  r o t o r  diameter a t  one foo t  and r e s u l t e d  i n  a model small 
enough t o  f i t  i n t o  s e v e r a l  s u i t a b l e  wind tunnels .  For a l l  except  t h e  flow 
survey tests,  t h e  model was s t i n g  mounted wi th  compressed a i r  brought 
aboard t h e  model through t h e  s t i n g  t o  power t h e  a i r  motor t h a t  drove t h e  
propfan. A v a i l a b i l i t y  of d r i v e  motors made i t  d e s i r a b l e  t o  test  t h e  model 
w i th  propfan on t h e  r i g h t  hand wing i n s t e a d  of t h e  l e f t  hand a s  i n  f u l l  
scale. This ,  however, creates no problems s i n c e  a mir ror  image configura- 
t i o n  of t he  f u l l - s c a l e  a i r c r a f t  was always used i n  t h e  scale-model tests. 
Tunnel a v a i l a b i l i t y  t i m e  d id  not  permi t  ob ta in ing  flow f i e l d  d a t a  i n  
t h e  fu l l - span ,  high-speed wind tunnel  tests. Therefore ,  a second series 
of high-speed tes ts  were performed i n  a smaller wind tunnel  s p e c i f i c a l l y  
t o  o b t a i n  flow f i e l d  data .  For t h e s e  tests, a new ha l f - fuse lage  was 
b u i l t ,  and a semispan model was assembled from p a r t s  of t h e  fu l l - span  
model. 
The high-speed wind tunne l  tests were conducted i n  t h e  NASA-Langley 
16-Ft Transonic  Aerodynamics Wind Tunnel i n  t h e  summer and f a l l  of 1985. 
Low-speed tests were performed i n  t h e  NASA-Langley 4M x 7M Subsonic Wind 
Tunnel i n  t h e  summer of 1986. The high-speed f low survey  tests were 
performed i n  t h e  NASA-Lewis 8-Ft x 6-Ft Supersonic  Wind Tunnel i n  January 
1987. Test Mach numbers ranged from 0.16 to  0.85. Reynolds numbers, 
based on MAC, ranged from 0.2 x lo6 i n  the  low-speed wind tunnel  t o  
5 x lo6 i n  t h e  high-speed wind tunnels .  
*- 
A l l  of t h e  d a t a  c o l l e c t e d  i n  these  tests have been s t o r e d  i n  informal 
r epor t s  a t  t h e  Lockheed Aeronaut ical  Systems Company - Georgia as p a r t  of 
t he  PTA documentation.. This  r epor t  p r e s e n t s  ana lyses  of those  d a t a  and 
the  major r e s u l t s  from those  tests. Where appropr i a t e ,  t h e  d a t a  are 
compared with pred ic ted  va lues  from a n a l y t i c a l  I n  t h e  case of t he  
flow f i e l d  d a t a ,  a major emphasis is placed on t h e  c o r r e l a t i o n  of 
experimental  d a t a  wi th  ana lyses  and modi f ica t ion  of t h e  a n a l y t i c a l  methods 
needed t o  produce good c o r r e l a t i o n .  
codes. 
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3.0 TEST APPARATUS 
3.1 WIND TUNNEL MODELS 
3.1.1 High-speed Tests 
A photograph of t h e  sting-mounted, high-speed model assembly, as 
i n s t a l l e d  i n  the  NASA-Langley 16-Ft Transonic  Aerodynamics Wind Tunnel, i s  
shown i n  Figure 1. 
A c y l i n d r i c a l  f a i r i n g  was a t t ached  t o  the  a f t  p o r t i o n  of t h e  model as 
shown i n  Figure 2 t o  accept  t h e  support  s t i n g .  Th i s  s t i n g  f a i r i n g  method 
i s  commonly used i n  t h i s  f a c i l i t y  and was recommended by f a c i l i t y  person- 
n e l  as t h e  b e s t  method of minimizing s t i n g  attachment co r rec t ions .  
The model w a s  designed t o  measure propfan a c o u s t i c s  d a t a  as w e l l  as 
aerodynamics data .  One wing contained an  a r r a y  of a c o u s t i c s  t ransducers  
and t h e  o t h e r  an a r r a y  of p re s su re  o r i f i c e s .  The propfan d r i v e  motor t h a t  
w a s  a v a i l a b l e  a t  t h e  s t a r t  of t h e  program and t h e  matrix of propfan ro ta -  
t i o n  d i r e c t i o n s  d e s i r e d  i n  t h e  tests made i t  expedient  t o  d e d i c a t e  t h e  
lef t -hand wing t o  a c o u s t i c s  i n s t rumen ta t ion  and t h e  right-hand wing t o  
p re s su re  ins t rumenta t ion .  The aerodynamic d a t a ,  t h e r e f o r e ,  are f o r  a 
conf igu ra t ion  t h a t  i s  a mi r ro r  image of t he  PTA conf igura t ion- - tha t  i s ,  
t h e  n a c e l l e  i s  mounted on t h e  right-hand wing i n s t e a d  of t h e  l e f t .  I n  t h e  
tests,  t h e  t i p  booms (which are d i f f e r e n t  f o r  l e f t  and r i g h t  wings) and 
t h e  a c o u s t i c  boom were always arrayed t o  maintain the  mir ror  image config- 
ura t ion .  
Dimensions and contours  of t he  b a s i c  GI1 conf igu ra t ion  were obta ined  
from l o f t  drawings provided by Gulfstream Aerospace. The 1/9-scale  model 
thus  der ived  had a wing span of 2.337m (92 inches )  and l e n g t h  ( t o  t h e  end 
of t he  s t i n g  f a i r i n g )  of 2.354m (92.67 inches) .  Model weight was approx- 
imate ly  544 kg (1200 pounds). Wing area was 0.918 m2 (9.877 f t z ) ,  and t h e  
MAC was 0.416m (16.364 inches) .  
Figure 3 presen t s  c r o s s  s e c t i o n s  through t h e  fuse l age  t o  show t h e  
balance,  compressed a i r  d u c t s  f o r  the  propfan d r i v e  motor, scani-valve 
l o c a t i o n s ,  and o t h e r  d e t a i l s  of model cons t ruc t ion .  The balance,  of 
course ,  separa ted  the  metric and non-metric parts of t h e  model assembly. 
A i r  f o r  t h e  d r i v e  motors flowed through t h e  c e n t e r  of t h e  s t i n g ,  
e x i t e d  t h e  s t i n g  through p o r t s  on e i t h e r  s i d e  of t h e  adaptor  a t  po in t  (11,  
flowed through bypass l i n e s  around t h e  balance (Sec t ion  B ) ,  and i n t o  t h e  
forward plenum a t  po in t  ( 2 )  (Sec t ion  A). From t h e  forward plenum, the  a i r  
supply could be ported t o  e i t h e r / o r  both wing roo t  reg ions ,  then  through 
passages i n  t h e  wing t o  t h e  propfan nace l les .  
Scani-valves f o r  p re s su re  measurements were loca ted  i n  t h e  nose por- 
t i o n  of t h e  model. Power and s i g n a l  l e a d s  from t h e  scani-valves  passed 
l o o s e l y  around t h e  balance and were taped t o  t h e  e x t e r n a l  s u r f a c e  of t h e  
s t i n g  t o  e x i t  t h e  test  sec t ion .  
The right-hand wing w a s  f i t t e d  wi th  an a i l e r o n  t h a t  could be set a t  
ze ro  and f 1 0  degrees  d e f l e c t i o n  by means of f i x e d  bracke ts .  An outboard 
s p o i l e r  ( t h e  only one a c t i v e  on t h e  PTA a i r c r a f t )  was provided wi th  
d e f l e c t i o n  angles  of 10 and 35 degrees.  
The PTA n a c e l l e  w a s  cons t ruc ted  s o  t h a t  n a c e l l e  tilt ang les  of +2, 
-1, and -3 degrees  could be -simulated.  On t h e  PTA a i r p l a n e  t h e  n a c e l l e  
5 
Figure  1 .  High Speed  Model in 16' Transonic  Tunnel  
F igu re  2 .  S t ing  Fairing - High Speed 
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Figure 3 .  Fuselage Cross Sections - High Speed Model 
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breaks a t  the  i n t e r f a c e  between the  Quick-Engine-Change (QEC) assembly and 
t h e  a f t  n a c e l l e  s o  t h a t  o n l y  the  QEC is t i l t e d .  This  w a s  too  d i f f i c u l t  t o  
model, however, because of t he  requirement f o r  compressed air  t o  a plenum 
i n  t h e  model n a c e l l e  t h a t  extends f o r e  and a f t  of t h e  QEC break. 
Therefore ,  on t h e  model t h e  e n t i r e  n a c e l l e  was t i l t e d  by p u t t i n g  wedges 
between the  wing and the nacel le .  On t h e  model, t h e  f u l l - s c a l e  a f t  
n a c e l l e  was s imulated only  for nace l l e  t ilt  of +2 degrees  and w a s  r a i s e d  
above t h e  t r u e  f u l l - s c a l e  p o s i t i o n  f o r  -1 degree  and -3 degrees.  The 
n a c e l l e  p ivo t  po in t  on t h e  model, however, w a s  t h e  same as for t he  air- 
plane so  t h a t  t he  forward nace l l e  (and propfan p o s i t i o n )  was properly 
s imulated at a l l  tilt angles .  
The PTA n a c e l l e  conta ined  a f o r c e  balance between the  d r i v e  motor and 
t h e  p r o p e l l e r  hub s o  t h a t  f o r c e s  and moments on t h e  p r o p e l l e r  could be 
measured. 
The h o r i z o n t a l  s t a b i l i z e r  was made so t h a t  i t  could be pos i t ioned  a t  
inc idence  angles  of 0 ,  -1.5, -3, and -5 degrees.  I n  a d d i t i o n ,  e l e v a t o r  
d e f l e c t i o n  angles  of +5, +lo,  -15, -20, and -25 degrees  could be s e t .  The 
rudder was made s o  t h a t  it could be s e t  a t  d e f l e c t i o n  of * 5 ,  f10 ,  *15, 
*20, and i 2 5  degrees.  
Throughout t h e  des ign  phase of t h e  PTA Program, t h e r e  was concern 
t h a t  unforeseen and unpred ic t ab le  t r anson ic  drag  a s soc ia t ed  wi th  the  PTA 
- 
n a c e l l e  i n s  t a l l a t i o n  might prevent a t ta inment  of 
t e s t  condi t ions .  To i n s u r e  a g a i n s t  t h i s ,  a des ign  
devise  conf igu ra t ion  changes t h a t  could be t e s t e d  
then app l i ed  t o  the  a i r c r a f t  i f  needed. The most 
f o r  dea l ing  wi th  excess ive  drag  emerged as a wing 
(LEX) on t h e  inboard s i d e  of t he  nace l l e .  This  
extend t h e  lead ing  edge and camber i t  so  t h a t  t he  
t h e  d e s i r e d  high-speed 
s tudy was performed t o  
i n  the  wind tunnel  and 
promising modi f ica t ion  
leading  edge ex tens ion  
device  was designed t o  
upwash induced by pro- 
p e l l e r  s l i p s t r e a m  s w i r l  would not  r e s u l t  i n  excess ive  v e l o c i t y  peaks on 
t h e  wing. A more d e t a i l e d  d i scuss ion  of t he  LEX design i s  presented i n  
Appendix A. 
3.1.2 Low-Speed T e s t s  
The model and its i n s t a l l a t i o n  i n  the  4M x 7M Subsonic Wind Tunnel 
a r e  shown i n  Figure 4. The s t i n g  support  and balance system are d i f f e r e n t  
from those  used i n  t h e  high-speed tests because these  items a r e  g e n e r a l l y  
unique t o  the  test f a c i l i t y .  I n  t h e  low-speed t e s t s ,  t he  s t i n g  contained 
a tube,  wi th  bellows a t  e i t h e r  end, t h a t  c a r r i e d  compressed a i r  t o  t he  
model. A s  shown i n  Figure 5, t he  a i r  passage l e d  s t r a i g h t  i n t o  t h e  model, 
and t h e  balance was o f f s e t  from the  s t i n g  c e n t e r l i n e .  This  arrangement 
requi red  d i f f e r e n t  adap te r s  and s t i n g  attachment f i t t i n g s  i n  t h e  model 
from those  used i n  the  high-speed t e s t s .  
The only o t h e r  d i f f e r e n c e  between high-speed and low-speed models was 
t h a t  t he  low-speed model contained provis ions  f o r  wing f l a p  extensions.  
Flaps were made for each wing wi th  b racke t s  f o r  f l a p  d e f l e c t i o n s  of 10 
degrees ,  20 degrees ,  and 40 degrees.  It w a s  necessary t o  disconnect  
p re s su re  o r i f i c e  tubes  t o  t h e  a i l e r o n  and s p o i l e r  when t h e  f l a p s  were 
de f l ec t ed .  
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3.1.3 High-speed Flow F i e l d  Sernispan Model 
The model f o r  t h e  high-speed flow f i e l d  t es t s  (F igure  6)  i n  t h e  NASA- 
L e w i s  8-Ft x 6-Ft Supersonic  Wind Tunnel was a half-model ve r s ion  of t h e  
fu l l - span  model used i n  t h e  aerodynamic tests. A new ha l f - fuse lage  w a s  
b u i l t  w i t h  p rov i s ions  f o r  attachment t o  a model-centerline r e f l e c t i o n  
p lane ,  which, i n  t u r n ,  was mounted on one tunnel  s idewal l .  Since t h e  
model wing was b u i l t  i n  s e p a r a t e  left-hand and right-hand p a r t s ,  it w a s  a 
simple matter t o  b u i l d  an adaptor  t o  mount only  t h e  right-hand wing t o  t h e  
ha l f - fuse lage  and s ldewa l l  p l a t e .  The Spey engine  n a c e l l e  was r e t a ined  as 
an  e s s e n t i a l  p a r t  of t h i s  model, bu t  v e r t i c a l  and h o r i z o n t a l  t a i l  compo- 
nents  were omitted. The l a t t e r  were judged t o  have l i t t l e  in f luence  on 
the  f low i n  t h e  region around t h e  f r o n t  of t h e  PTA nace l le .  
The PTA n a c e l l e  and o t h e r  right-hand wing accouterments were a t tached  
as i n  t h e  fu l l - span  model. Since t h e  o b j e c t i v e s  of t h e  tes t  were t o  
o b t a i n  flow f i e l d  d a t a  wi thout  t h e  propfan, no p rov i s ions  were made t o  
b r ing  compressed a i r  aboard t h e  model. 
The s idewa l l  mounting p l a t e  (provided by t h e  test  f a c i l i t y )  was 
designed t o  f i t  t h e  l e f t  hand tunnel  w a l l  (as viewed from upstream). To 
tes t  t h e  right-hand ha l f  of t h e  model, i t  was necessary  t o  mount t h e  model 
i nve r t ed .  The model was a t t ached  t o  a t u r n t a b l e  imbedded i n  t h e  s idewa l l  
p l a t e  (as shown i n  Figure 7 )  t h a t  could be r o t a t e d  t o  change model angle  
of a t t a c k .  The model was r o t a t e d  about t h e  - 2 5  MAC point.  
3.2 MODEL PROPFAN BLADES 
The o b j e c t i v e  i n  des ign  of t h e  model propfan b lades  w a s  t o  produce 
small-scale r o t o r s  t h a t  would perform aerodynamically l i k e  t h e  f u l l - s c a l e  
Hamilton Standard SR-7L propfan. The f u l l - s c a l e  b lades  are f l e x i b l e  
enough so t h a t  they t w i s t  and bend under f l i g h t  loads.  The small-scale 
b lades ,  on the  o t h e r  hand, are r e l a t i v e l y  s t i f f .  The des ign  procedure 
chosen was t o  make t h e  small-scale b lades  i n  t h e  shape of t he  loaded f u l l -  
scale b lade  i n  t h e  des ign  c r u i s e  condi t ion.  Coordinates  of t h e  f u l l - s c a l e  
b lades  i n  t h i s  f l i g h t  cond i t ion  were reduced t o  model scale by Hamilton 
Standard and provided f o r  b lade  design. 
The small  s i z e  of the  model b l ades  r e s u l t e d  i n  a s i t u a t i o n  a t  t h e  
b lade  l e a d i n g  and t r a i l i n g  edges where d e p a r t u r e s  from scale were neces- 
s i t a t e d  by the  f a b r i c a t i o n  technique. Metal b lades  were not  allowed i n  
t h e  16-Ft Transonic  Aerodynamics Wind Tunnel f o r  f e a r  of t h e  damage 
p o t e n t i a l  i f  a blade were l o s t  a t  t h e  h igh  r o t a t i o n a l  speeds ( t o  about 
19,000 rpm) dur ing  t h e  high-speed tests . The b lades  were f a b r i c a t e d ,  
t h e r e f o r e ,  of carbon f i b e r  composite material. 
The bes t  a v a i l a b l e  material was graphite-epoxy t ape  i n  0.0076 cm 
(0.003-inch) th ickness .  S t r eng th  cons ide ra t ions  requi red  t h a t  t h e  model 
b lades  i n  t h e i r  t h i n n e s t  reg ions  con ta in  a t  l eas t  two t ape  l a y e r s  w i th  t h e  
p l i e s  o r i en ted  a t  some ang le  re la t ive  t o  one another.  Therefore ,  t h e  
minimum blade element t h i ckness  was of t h e  o rde r  of 0.0152 cm (0.006 
inch) .  
F igure  9 shows l ead ing  edge r a d i i  and t r a i l i n g  edge th i ckness  of t h e  
LAP b lades  reduced t o  1/9-scale.  It can be seen  t h a t  f o r  a minimum 
material th i ckness  of 0.0152 c m  (0.006 i n c h ) ,  t h e  l ead ing  edge r a d i i  goes 
ou t  of s c a l e  outboard of t h e  80-percent span s t a t i o n ,  and t h e  t r a i l i n g  
A t y p i c a l  b lade  is  shown i n  Figure 8. 
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Figure 6 .  High Speed Flow Field 
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edge th i ckness  i s  o u t  of scale over t h e  whole b l ade  span. It was expected 
t h a t  the excess  l ead ing  edge th i ckness  would be more c r i t i c a l  than t h e  
excess t r a i l i n g  edge t h i c k n e s s  and t h a t  t h e  major impact would be on r o t o r  
e f f i c i e n c y  a t  high speeds. Because t h i s  i s  t h e  speed reg ion  where propfan 
power e f f e c t s  on the  a i r c r a f t  are l i k e l y  t o  be smallest, i t  w a s  be l ieved  
t h a t  t h e  out-of-scale t h i c k n e s s  could be t o l e r a t e d .  
During t h e  course  of t h e  high-speed tests,  t h e r e  were two r o t o r  
f a i l u r e s ,  This  r e s u l t e d  u l t i m a t e l y  i n  a redes ign  of t h e  b l ades  t o  th i cken  
t h e  region near  t h e  shank where f a i l u r e s  were be l ieved  t o  i n i t i a t e .  These 
b lades  were used i n  t h e  low-speed wind tunne l  tests, and t h e r e  were no 
more b l ade  f a i l u r e s .  
The b e s t  measure of how w e l l  t h e  b lades  were sca l ed  d e r i v e s  from 
r e s u l t s  of t he  i s o l a t e d  p r o p e l l e r  tests. It w i l l  be shown i n  d i s c u s s i o n  
of t hose  r e s u l t s  t h a t  t h e  model propfan r o t o r s  simulated t h e  f u l l - s c a l e  
a r t i c l e  reasonably w e l l .  
3.3 ISOLATED PROPELLER MODEL 
The o b j e c t i v e  i n  des igning  appa ra tus  f o r  i s o l a t e d  p r o p e l l e r  tes ts  w a s  
t o  produce a tes t  n a c e l l e  and support  t h a t  i n t e r f e r e s  minimally wi th  t h e  
p r o p e l l e r .  Apparatus f o r  t h e  high-speed i s o l a t e d  n a c e l l e  tests is shown 
i n  F igure  10. The hub, s p i n n e r ,  ba lance ,  and motor were t h e  same u n i t s  
used on t h e  a i r c r a f t  model i n s t a l l a t i o n .  The n a c e l l e ,  however, was a 
s t reaml ined  axisymmetric c y l i n d e r  supported by an aerodynamically con- 
tou red ,  s w e p t  s t r u t  connected t o  t h e  model suppor t  s t i n g .  Drive motor a i r  
was routed  through t h e  s t i n g  and support  s t r u t  t o  t h e  forward p a r t  of t he  
n a c e l l e ,  through t h e  motor, and then  out  t he  a f t  p o r t i o n  of t h e  nace l l e .  
To measure t h e  aerodynamic f o r c e s  on t h e  p r o p e l l e r ,  t h e  n a c e l l e  was 
f i t t e d  wi th  t h e  same hub balance used i n  t h e  a i r c r a f t  model--located 
between t h e  p r o p e l l e r  hub and t h e  d r i v e  motor. 
Other i n s t rumen ta t ion  included s t a t i c  p re s su re  p o r t s  upstream and 
downstream of t h e  motor t o  measure s t a t i c  p r e s s u r e  drop  a c r o s s  t h e  motor, 
a t o t a l  p re s su re  rake a t  t h e  n a c e l l e  e x i t ,  and thermocouples a t  t h e  motor 
i n l e t ,  motor o u t l e t ,  and downstream of t h e  choke p l a t e .  
The appara tus  used f o r  t h e  low-speed i s o l a t e d  p r o p e l l e r  tests i s  
shown i n  F igure  11. Design requirements f o r  t h e  low-speed tunne l  d i c t a t e d  
a s t i f f e r  n a c e l l e  suppor t  than t h a t  used i n  the high-speed tests. Thus, 
t h e  c o n f i g u r a t i o n  shown i n  F igure  11 used two c y l i n d r i c a l  ha lves  t o  clamp 
t h e  nace l l e .  The lower h a l f  was welded t o  an aerodynamically contoured 
v e r t i c a l  s t r u t  wi th  a bottom p la te  t h a t  bo l t ed  d i r e c t l y  t o  t h e  NASA model 
suppor t  f i x t u r e .  The bu lk iness  of t h e  i s o l a t e d  n a c e l l e  model f o r  t h e s e  
low-speed tests was g r e a t e r  t han  d e s i r e d ,  bu t  was deemed accep tab le  
because i t  was a low speed tes t .  
In s t rumen ta t ion  was the same as for t he  high-speed i n s t a l l a t i o n .  
3.4 INSTRUMENTATION 
3.4.1 Model Pressure Ins t rumen ta t ion  
The right-hand wing of t h e  model was instrumented w i t h  196 s ta t ic  
p res su re  o r i f i c e s  as shown i n  F igure  12. These were l o c a t e d  a t  spanwise 
s t a t i o n s  such t h a t  t h e  e f f e c t  of t h e  p r o p e l l e r ,  t h e  n a c e l l e ,  and t h e i r  
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Figure 10. Isolated Propeller Apparatus - High Speed Tests 
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F i g u r e  11. Photograph o f  Isolated Propel ler  Model in Low 
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F i g u r e  12. Model Wing Pressure Ins t rumenta t ion  
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i n t e r a c t i o n  on t h e  aerodynamic loading of t h e  wing could be determined. 
Two chordwise rows were loca ted  on e i t h e r  s i d e  of t h e  n a c e l l e ,  a t  non- 
dimensional semispan s t a t i o n s  7 )  = 0.290, 0.328, 0.472, and 0.511. These 
p o s i t i o n s  correspond t o  d i s t a n c e s  from t h e  propfan c e n t e r l i n e  of 
85-percent and 55-percent of t h e  p r o p e l l e r  t i p  r ad ius  on e i t h e r  s i d e  of 
t h e  nace l l e .  A f i f t h  chordwise row was loca ted  nea r  t h e  wing t i p  a t  
7) = 0.782 t o  o b t a i n  wing su r face  p re s su re  d a t a  o u t s i d e  t h e  in f luence  of 
t he  p r o p e l l e r  and nace l l e .  Each row conta ined  18 o r i f i c e s  on t h e  upper 
s u r f a c e  and 14 on t h e  lower sur face .  The chordwise l o c a t i o n s  of t h e  
o r i f i c e s  were c l o s e l y  spaced a t  t h e  l ead ing  edge t o  cap tu re  t h e  h igh  pres- 
s u r e  g r a d i e n t s  and a l s o  i n  t h e  50-percent chordwise reg ion  t o  determine 
t h e  shock l o c a t i o n  a t  t r a n s o n i c  speeds. 
Four a d d i t i o n a l  spanwise o r i f i c e  s t a t i o n s  were loca ted  a t  1) = 0.231, 
0.256, 0.545, and 0.569 t o  h e l p  d e f i n e  wing loads.  These were l i m i t e d  t o  
e i g h t  o r i f i c e s  i n  each row, two each on t h e  upper and lower s u r f a c e s  a t  
t h e  l ead ing  edge, and two each on the  upper and lower s u r f a c e s  a t  t he  
t r a i l i n g  edge. 
There were 24 s t a t i c  p re s su re  o r i f i c e s  on the  nace l l e .  E ight  were 
loca ted  along t h e  c e n t e r l i n e  of t h e  cowl on t o p  of t h e  nace l l e .  On each 
s i d e  of t h e  n a c e l l e ,  e i g h t  o r i f i c e s  were loca ted  as shown i n  F igure  13. 
Figure  12 a l s o  shows p res su re  rakes  j u s t  a f t  of t h e  prop plane. 
These rakes were used t o  o b t a i n  flow f i e l d  d a t a  on t h e  semi-span model i n  
the  NASA-Lewis 8-Ft x 6-Ft Supersonic  Wind Tunnel as d iscussed  i n  Sec t ion  
3.4.6. 
3.4.2 T o t a l  P res su re  Rakes 
I n l e t  t o t a l  p re s su re  rakes  were loca ted  i n  both  t h e  PTA and Spey 
engine n a c e l l e s  t o  e v a l u a t e  i n t e r n a l  drag. The Spey i n l e t  rake  w a s  a l s o  
designed t o  measure flow d i s t o r t i o n ,  i f  any, caused by t h e  PTA i n s t a l l a -  
t i on .  On the  PTA n a c e l l e ,  the  flow-through duct  on top  of t he  n a c e l l e  
contained 5 t o t a l  p re s su re  probes and 4 s t a t i c  pressure  o r i f i c e s .  The 
Spey n a c e l l e  i n l e t  had 1 2  t o t a l  p re s su re  probes and 4 s t a t i c  p re s su re  
o r i f i c e s .  
An e x t e r n a l  rake c o n s i s t i n g  of 29 t o t a l  p re s su re  probes w a s  mounted 
a t  t h e  e x i t  p lane  of t h e  PTA n a c e l l e  duc t  s o  t h a t  t h e  j e t  t h r u s t  from t h e  
a i r  t u r b i n e  could be measured. The probes i n  t h i s  rake were arranged i n  
t h r e e  h o r i z o n t a l  rows and one v e r t i c a l  row on t h e  n a c e l l e  e x i t  c e n t e r l i n e .  
3.4.3 Propfan Hub Balances 
The propfan hub balance (F igure  14) was a non-rotat ing balance t h a t  
measured f i v e  components: axial  f o r c e ,  normal f o r c e ,  p i t c h i n g  moment, and 
t o  a l i m i t e d  accuracy, s i d e  fo rce  and yawing moment. The balance was 
loca ted  between the  d r i v e  air-motor and t h e  p r o p e l l e r  hub. The balance 
cons i s t ed  of two ha l f - cy l inde r s  (one metric and one non-metric) connected 
by four  beams, and a s h a f t  l oca t ed  by two bea r ings  i n  t h e  metric h a l f -  
c y l i n d e r  of t h e  balance.  A f l e x u r e  element t h a t  t r a n s m i t s  on ly  torque  
connected t h e  s h a f t  t o  t h e  d r i v e  motor. 
A f t e r  an equipment f a i l u r e  i n  t h e  high-speed tes t s  t h a t  r e s u l t e d  i n  
ba lance  f a i l u r e  and l o s s  of model hardware, a f a i l - s a f e  redes ign  was 
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Figure 14. Propfan Hub Balance 
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t h e  f l e x  coupl ing were broken, a r e t e n t i o n  r i n g  w a s  machined onto  t h e  
m e t r F c  ha l f  of t h e  ba lance ,  and t h e  two c y l i n d e r  ha lves  were made t o  
i n t e r l o c k  by forming a 'T '  shaped tongue on t h e  non-metric p o r t i o n  of t h e  
c y l i n d e r  half  and a corresponding cu tou t  on t h e  metric c y l i n d e r  ha l f  w i t h  
a 0.102 c m  (0.040 i nch )  c l ea rance  allowed between t h e  two. The hardware 
shown i n  Figure 14 i nc ludes  t h e  elements of t h e  redesign.  
3.4.4 Low-Speed, Six-Component Force Balance 
Six-component f o r c e  and moment d a t a  were recorded on a l l  runs  us ing  a 
5.08 e m  (2.0-inch) diameter  i n t e r n a l  balance.  The balance was a NASA- 
Langley balance des igna ted  as Balance 748. It was an  or thogonal  type such 
t h a t  each load  component was measured by a s e p a r a t e  s t r a i n  gage bridge. 
The f o r c e  and moment l i m i t s  of t he  balance were: 
NF f 8,007 N (1,800 l b )  
AF f 2,224 N (500 l b )  
PM f 791 m-N (7,000 in . - lb)  
SF f 4,448 N (1,000 l b )  
yM f 339 m-N (3,000 in . - lb)  
RM f 452 m-N (4,000 in.-lb) 
The balance was a t t ached  t o  a NASA-Langley o f f s e t  adap te r  which 
mounts t o  a s t i n g  passing through the  lower a f t  fuselage.  NASA-Langley 
provided t h e  balance c a l i b r a t i o n  and t h e  c o r r e c t i o n s  necessary  t o  account 
f o r  t h e  mechanical br idging  of t h e  balance by t h e  a i r  supply l i n e  and t h e  
ins t rumenta t ion  wi re / tube  bundle. 
3.4.5 High-speed, Six-Component Force Balance 
The six-component balance used i n  t h e  high-speed tes ts  was a 4.0-inch 
diameter  i n t e r n a l  balance b u i l t  by Modern Machine and Tool Company and 
des igna ted  as Balance 984. This balance was a l s o  an or thogonal  type.  The 
f o r c e  and moment l i m i t s  of t h e  balance were: 
NF f 24,465 N (5,500 l b )  
AF f 2,224 N (500 l b )  
PM f 4,519 m-N (40,000 in.-lb) 
SF f 6,672 N (1,500 l b )  
YM f 2,824 m-N (25,000 in . - lb)  
RM f 3,954 m-N (35,000 in.-lb) 
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3.4.6 Flow Survey Rakes 
To determine v e l o c i t i e s  and flow angles  i n  and around t h e  p r o p e l l e r  
p lane  a s p e c i a l  f low survey  rake was employed. This  r ake ,  as  shown i n  
Figure 15,  contained f i v e ,  5-hole probes one inch  a p a r t  on each of t w o  
arms. For surveys around the  PTA n a c e l l e ,  t h e  rake  w a s  mounted on a 
c o l l a r  t h a t  a t t ached  t o  t h e  nacelle j u s t  behind the  i n l e t  cowl. This  
c o l l a r  allowed t h e  rake  t o  be pos i t i oned  a t  f o u r  azimuthal  l o c a t i o n s ,  and 
a t  each l o c a t i o n  t h e  rake could be pos i t i oned  r a d i a l l y  a t  two l o c a t i o n s  
so t h a t  p o i n t s  one-half i n c h  a p a r t  could be obtained.  The rake  mount a l s o  
allowed a c e r t a i n  amount of fore-and-aft  pos i t ion ing .  
Design of t he  5-hole probes was based on ex tens ive  exper ience  w i t h  
such f low f i e l d  measurements. Reference 1 p r e s e n t s  t y p i c a l  r e s u l t s  from 
such instruments .  E f f e c t i v e  use of t h e s e  probes,  however, depends on a 
c a l i b r a t i o n  t o  d e f i n e  t h e  angular  s e n s i t i v i t y  of t h e  probes. Such a cali-  
b r a t i o n  of t hese  rakes  w a s  performed i n  a small t r anson ic  wind tunnel  a t  
Mach numbers t o  0.95 and i s  descr ibed  la ter ,  
3. 5 CALIBRATIONS 
3.5.1 Propfan Airmotor C a l i b r a t i o n  
Because propfan torque  could not be measured wi th  t h e  hub balance,  a 
c a l i b r a t i o n  w a s  performed t o  determine a i r  motor torque as func t ions  of 
d r i v e  p re s su re  i n t o  the  motor and motor r o t a t i o n a l  speed. The c a l i b r a t i o n  
was performed on a hydrau l i c  dynamometer test  r i g  f o r  two n a c e l l e  config- 
u r a t i o n s :  t he  PTA n a c e l l e  and t h e  i s o l a t e d  nace l le .  
The c a l i b r a t i o n  curves  were of e x c e l l e n t  q u a l i t y .  It i s  bel ieved 
t h a t  horsepower va lues  f o r  t h e  wind tunnel  d a t a  are accu ra t e  wi th in  about 
0.447 kw (0.6 HP) or, a t  maximum power, about 0.4-percent. 
3.5.2 Flow Survey Probe C a l i b r a t i o n  
Details of a 5-hole probe are shown i n  F igure  16. Each probe con- 
s i s t e d  of f o u r  p i t o t  tubes  so ldered  around a c e n t r a l  p i t o t  tube  and a cone 
s t a t i c  probe o f f s e t  t o  one s ide .  The c e n t r a l  tube i n  the  bundle w a s  f l a t -  
faced ,  and t h e  s i d e  tubes  were chamfered a t  45-degree angles .  The rakes  
were c a l i b r a t e d  i n  t h e  Lockheed-Georgia Compressible Flow Wind Tunnel 
(CFWT) by p l ac ing  each rake ,  i n  t u r n ,  i n  known flow cond i t ions  and 
measuring t h e  pressure  a t  each  o r i f i c e  on t h e  rake. The f low cond i t ions  
were v a r i e d  by changing t h e  r o l l  and p i t c h  angle  s e t t i n g s  of t h e  rake  and 
varying t h e  t es t  s e c t i o n  Mach number. 
Th i s  c a l i b r a t i o n  and t h e  5-hole probe d a t a  reduct ion  procedures  are 
descr ibed  i n  Appendix B. 
3.6 W I N D  TUNNEL AND MODEL INSTALLATIONS 
3.6.1 High-speed Tests - Langley 16-Ft Transonic  Aerodynamics Wind Tunnel 
The NASA-Langley 16-Ft Transonic  Aerodynamics Wind Tunnel i s  a s i n g l e  
r e t u r n  atmospheric wind tunne l  wi th  Mach number range from 0.2 t o  1.3. 
The s l o t t e d  octagonal  t es t  s e c t i o n  nominal ly  measures 4.72m (15.5 f e e t )  
a c r o s s  t h e  f l a t s  and has  a usable  test  s e c t i o n  l eng th  of 6.71m (22  feet) .  
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Figure 16. 5-Hole Probe 
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The PTA model w a s  sting-mounted i n  the  tunne l  as shown i n  Figure I. 
Model blockage based on maximum f r o n t a l  area was less than  1 percent.  
Reynolds numbers, based on MAC ranged from about 1.8 m i l l i o n  a t  Mach 0.2 
t o  about 5 m i l l i o n  a t  Mach 0.8. 
Temperature i n  t h e  16-ft Transonic Aerodynamics Wind Tunnel normally 
increased  wi th  ope ra t ing  t i m e  s o  t h a t  t h e  model seldom, i f  e v e r ,  a r r i v e d  
a t  thermal equi l ibr ium. Unfortunately,  t h e  balance and a i r  bypass system 
was s e n s i t i v e  i n  t h e  d rag  d i r e c t i o n  t o  thermal g rad ien t s .  Even though an 
a t tempt  w a s  made t o  measure model, balance,  and bypass l i n e  temperatures  
and compensate f o r  t h e  temperature  g r a d i e n t s ,  t h i s  w a s  no t  completely 
successfu l .  E r r o r s  i n  axial  f o r c e  measurements f o r  t h e  powered runs were, 
t h e r e f o r e ,  h igher  than  des i r ed .  With t h i s  except ion ,  t h e  flow q u a l i t y  i n  
t h i s  f a c i l i t y  was good, and d a t a  from t h e  tests were of h igh  qua l i t y .  
3.6.2 Low-Speed T e s t s  - Langley 4M x 7M Subsonic Wind Tunnel 
The NASA-Langley 4M x 7M Subsonic Wind Tunnel i s  a s i n g l e  r e t u r n  
subsonic  wind tunnel  wi th  Mach numbers t o  about 0.3. The tes t  s e c t i o n  i s  
4m (14.5-feet) high and 7m (21.75-feet) wide. The P T A  model was s t ing-  
mounted i n  the  test  s e c t i o n  a s  shown i n  F igure  4. Tests were run 
p r imar i ly  a t  M = 0.165 and q = 1915 N/m2 (40 p s f )  a l though a few runs were 
made a t  M = 0.2 and q = 2873 N / m 2  (60 psf ) .  Reynolds numbers based on 
mean aerodynamic chord ranged from 1.6 x lo6 t o  2 x 10 . 
Although t h e  b a l a n c e / a i r  bypass system w a s  d i f f e r e n t  from t h a t  used 
i n  t h e  high-speed tes ts ,  problems were aga in  encountered wi th  measuring 
power-on drag. Power-off d rag  was r e l i a b l e  as were a l l  o t h e r  f o r c e s  and 
measurements wi th  power on, but t he  power-on d rag  d a t a  were not good-- 
appa ren t ly  due t o  i n t e r f e r e n c e  between t h e  s t i n g  and t h e  a i r  bypass l i n e .  
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3.6.3 High-speed Flow Survey Tests - L e w i s  8-Ft x 6-Ft Supersonic  Wind 
Tunnel 
The NASA-Lewis 8-Ft x 6-Ft Supersonic  Wind Tunnel, i n  i t s  aerodynamic 
c y c l e ,  is  operated as a c losed  system w i t h  d r y  a i r  added as requi red  t o  
maintain t h e  d e s i r e d  tunne l  condi t ion .  The tunne l  is  capable  of ope ra t ing  
i n  t h e  Mach number range from 0.36 t o  2.0, bu t  f o r  t h e s e  tests was 
opera ted  a t  Mach numbers from 0.6 t o  0.85. Reynolds number, based on MAC, 
ranged from about 4.7 x lo6 t o  5.6 x lo6. 
The test  s e c t i o n  is 2.44m (8  f e e t )  h igh ,  1.83m ( 6  f e e t )  wide, and 
7.16m (23.5 f e e t )  long. It is  pe r fo ra t ed  on a l l  f o u r  w a l l s  t o  provide 
approximately 6-percent poros i ty .  
The ha l f - fuse lage ,  semispan PTA model was mounted on a f l a t  p l a t e  
which i n  t u r n  w a s  i n s t a l l e d  along one s idewa l l  as shown i n  F igure  6. The 
s idewa l l  p l a t e  i s  d i sp laced  15.24 c m  (6 inches )  from t h e  tunne l  wall t o  
minimize w a l l  boundary l a y e r  contaminat ion of f low around t h e  semispan 
model. 
Blockage of t h e  model i n  t h e  tunnel  was 1.87 percent  of t h e  tunnel  
c ros s - sec t iona l  area. 
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4.0 TEST PROCEDURES 
I n  t h e  wind tunne l  environment, tests are g e n e r a l l y  conducted wi th  
Reynolds numbers about one o r d e r  of magnitude lower than  i n  f u l l  scale 
f l i g h t .  The major impact of t h i s  Reynolds number d i s p a r i t y  is  on v iscous  
phenomena l i k e  boundary l a y e r  growth, t r a n s i t i o n  from laminar t o  t u r b u l e n t  
f low, and boundary l a y e r  separa t ion .  I n  f u l l - s c a l e  f l i g h t ,  the boundary 
l a y e r  i s  t u r b u l e n t  over most of t h e  a i r c r a f t  s u r f a c e ;  on t h e  models, how- 
e v e r ,  t h e  boundary l a y e r  w i l l  u s u a l l y  be laminar  u n l e s s  i t  is a r t i f i c i a l l y  
t r ipped .  Spec ia l  care must be  exe rc i sed  i n  t h e  wind tunne l  t o  a t t a i n  t h e  
boundary l a y e r  c o n d i t i o n s  that  g i v e  proper s imula t ion  of f l i g h t .  
For high-speed wind tunne l  tests, exper ience  has  shown t h a t  i t  i s  
important t o  produce t h e  t h i n n e s t  poss ib l e  t u r b u l e n t  boundary l a y e r  on 
wing sur faces .  I f  t h e  boundary l a y e r  is t h i c k e r  than f o r  f u l l - s c a l e  simu- 
l a t i o n ,  s t r o n g  adverse  p re s su re  g r a d i e n t s  such as those  a s s o c i a t e d  with 
t r a n s o n i c  shock waves may cause t h e  boundary l a y e r  t o  separate ahead of 
t h e  p o s i t i o n  where i t  would s e p a r a t e  i n  f l i g h t .  I n  some cases, t h i s  has  
caused wind tunne l  f o r c e s  and moments t o  be much d i f f e r e n t  from those  
experienced i n  f l i g h t .  It i s  something of an a r t ,  t h e r e f o r e ,  t o  t r i p  the  
laminar  boundary l a y e r  a t  t h e  p l ace  where t h e  b e s t  s imula t ion  of f l i g h t  
c h a r a c t e r i s t i c s  i s  achieved. 
In  t h e  wind tunne l ,  i f  t h e  boundary l a y e r  i s  t r i p p e d  t o o  f a r  forward, 
i t  w i l l  t h i c k e n  d i s p r o p o r t i o n a t e l y  i n  t h e  low Reynolds number environment 
and be t o o  t h i c k  i n  t h e  a f t  reg ions  of t h e  wing. Standard procedure,  
t h e r e f o r e ,  is  t o  p l a c e  t h e  boundary l a y e r  t r i p  as f a r  a f t  as p o s s i b l e  and 
s t i l l  be assured  t h a t  t h e  t u r b u l e n t  boundary l a y e r  will be well-developed 
i n  t h e  reg ions  where i t  w i l l  be sub jec t ed  t o  s t r o n g  adverse  p re s su re  
g r a d i e n t s .  Usually,  t h e  test  personnel a t  a g i v e n  f a c i l i t y  w i l l  have had 
enough exper ience  wi th  models of a g iven  type t o  have a good " fee l"  f o r  
l o c a t i o n  of t r a n s i t i o n  t r i p s ,  and cons ide rab le  reliance i s  placed on t h e i r  
judgement . 
I n  low-speed wind tunne l  tests,  t h e r e  are no s t r o n g  shock-wave- 
induced adverse p r e s s u r e  g r a d i e n t s  t o  contend wi th ,  and g e n e r a l l y  i n  
low-speed wind t u n n e l s ,  t h e  d a t a  are much less s e n s i t i v e  t o  boundary l a y e r  
s imula t ion  procedures. Again, however, t h e  personnel of a g iven  f a c i l i t y  
are u s u a l l y  t h e  b e s t  sou rce  of guidance i n  t h i s  matter. 
These and o t h e r  f a c t o r s  p e r t i n e n t  t o  t h e  process  of o b t a i n i n g  good 
f l i g h t  d a t a  i n  PTA scale model wind tunnel  tests are d i scussed  i n  t h e  
fo l lowing  sec t ions .  
4.1 HIGH-SPEED TESTS - 16-FT TRANSONIC AERODYNAMICS WIND TUNNEL 
High-speed tests were performed wi th  th,e G I 1  model and w i t h  the model 
conf igured  i n  the  PTA conf igura t ion .  I n  each  case, runs were made wi th  
t a i l  on and o f f .  Conf igu ra t ion  v a r i a b l e s  on t h e  PTA model inc luded  t h e  
e f f e c t s  of s p o i l e r ,  a i l e r o n ,  and rudder d e f l e c t i o n .  Data were a l s o  
obta ined  f o r  f ea the red  p r o p e l l e r ,  windmill ing p r o p e l l e r ,  and powered pro- 
p e l l e r .  P r o p e l l e r  motor power l i m i t a t i o n s  were such, however, t h a t  i n  
t h e s e  high-speed tests, t h r u s t  c o e f f i c i e n t s  were l i m i t e d  t o  about 0.10. 
A series of tests were run t o  de te rmine  t h e  e f f e c t s  of boundary l a y e r  
t r i p p i n g  technique. F igu res  
P 
17 and 18 show r e s u l t s  a t  Mach 0.85 of 
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Q - DEGREES 
Figure 17.  Effects of Transition Fix on Lift 
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Figure 18. Effects of Transition Fix on Drag 
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s e v e r a l  t r i p  l o c a t i o n s  on l i f t  curves and d rag  polars.  T r a n s i t i o n  was 
f ixed  by g lu ing  small g l a s s  spheres  ( B a l l o t i n i  b a l l s )  i n  a narrow s t r i p  on 
t h e  wing sur face .  Fixing t r a n s i t i o n  a t  10-percent chord r e s u l t e d  i n  
h igher  drag  than a t  the  30-percent chord l o c a t i o n  and a l s o  r e s u l t e d  i n  a 
break o f f  of t h e  l i f t  curve s lope  a t  a lower angle of a t t ack .  This  
imp l i e s  t h a t  t he  boundary l a y e r  was unnecessar i ly  thickened by t r i p p i n g  a t  
the  10-percent chord loca t ion .  Furthermore, s i n c e  t h e r e  is no i n d i c a t i o n  
t h a t  t r i p p i n g  a t  30-percent chord produced any premature sepa ra t ion  or 
unnecessary drag ,  t hese  d a t a  i n d i c a t e  that t h e  30-percent l o c a t i o n  is 
p re fe rab le .  Most of t h e  high-speed wind tunnel  d a t a ,  t h e r e f o r e ,  were 
obta ined  with t r a n s i t i o n  f i x e d  a t  t h e  30-percent chord loca t ion .  
T e s t  cond i t ions  included Mach numbers of 0.4, 0.7, 0.8, and 0.85, and 
ang le s  of a t t a c k  ranging from -2 degrees  up t o  t h e  angle of a t t a c k  f o r  
b u f f e t  onset .  Two p r o p e l l e r  advance r a t i o s  were set f o r  each combination 
of Mach number and blade p i t c h  angle. Table I summarizes t h e  t e s t  con- 
d i  t ions .  
4.2 LOW-SPEED TESTS - 4M X 7M SUBSONIC W I N D  TUNNEL 
Low-speed t e s t s  were performed i n  a manner s i m i l a r  t o  t h a t  of t he  
high-speed tests. The b a s i c  GI1 model was t e s t e d  wi th  t a i l  off  and on; 
and wi th  runs t o  measure t h e  e f f e c t s  of f l a p s ,  s p o i l e r s ,  a i l e r o n ,  rudder,  
and e l e v a t o r .  For t h e  PTA conf igu ra t ion ,  i n  add i t ion  t o  t h e  above, 
v a r i a b l e s  included t i p  booms, t he  acous t i c  boom, PTA n a c e l l e  inc idence ,  
and propfan wi th  and without  power. The propfan was a l s o  t e s t e d  on the  
i s o l a t e d  nace l le .  Flow survey tests were made on t h e  model i n  t h e  
p r o p e l l e r  plane (prop-off)  and on the  i s o l a t e d  n a c e l l e  r i g  both i n  the  
p r o p e l l e r  plane and behind t h e  powered p rope l l e r .  
A l l  of t he  model tests i n  the  low-speed tunnel  were made wi th  t r a n s i -  
t i o n  f r e e  on the  advice of t he  f a c i l i t y  t e s t  personnel.  Most of t h e  t e s t s  
were run  a t  a Mach number of 0.165. Model angles  of a t t a c k  ranged from -2 
degrees  t o  a t  l e a s t  t h e  s t a l l  cond i t ion ,  and, when model v i b r a t i o n  was not  
excess ive ,  t o  s e v e r a l  degrees  beyond s ta l l .  Some tests were performed a t  
Mach 0.2 wi th  p r o p e l l e r  powered i n  order  t o  g e t  a more appropr i a t e  range 
of advance r a t i o s .  The same was t r u e  f o r  t he  i s o l a t e d  p r o p e l l e r  tests. 
Two b lade  angle  s e t t i n g s  were used f o r  a l l  of t h e  powered p r o p e l l e r  tests. 
Run cond i t ions  f o r  t he  low-speed tests are summarized i n  Table 11. 
4.3  HIGH-SPEED FLOW SURVEY TESTS - 8-FT X 6-FT SUPERSONIC WIRD TUNNEL 
For t h e  high-speed flow survey t e s t s  on the  semispan model, a l l  of 
t he  f low surveys were made i n  t h e  p r o p e l l e r  p lane  wi th  the  p r o p e l l e r  off .  
Mach numbers were va r i ed  from 0.60 t o  0.85; n a c e l l e  t ilt  angles  t e s t e d  
were -3, -1, and +2 degrees ;  and model angle  of a t t a c k  ranged from -2 t o  
+6 degrees.  I n  a d d i t i o n  t o  flow survey rake p res su res ,  p re s su re  d i s t r i b u -  
t i o n s  on t h e  wing were measured t o  compare wi th  those from o t h e r  scale 
tests. 
Run condi t ions  for t hese  tests a r e  summarized i n  Table 111. 
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I CONFIGURATION 
G I 1  - Upright  
G I 1  - I n v e r t e d  
G I 1  - T a i l  On 
G I 1  - T a i l  O f f  
PTA - T a i l  O f f  
PTA - T a i l  On 
PTA - W/O A c o u s t i c  Boom 
PTA - No Booms 
PTA t o  LEX 
PTA + LEX + Nacelle Bump 
T r a n s i t i o n  
A - F i x e d  a t  10% Chord 
B - Fixed  a t  30% Chord 
TABLE 1. 
HIGH SPEED TEST CONDITIONS 
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HIGH SPEED TEST CONDITIONS 
(b) Powered Propfan 
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4.4 FORCE MEASUREMENT TARES, CALIBRATIONS, AND CORRECTIONS 
I n  p repa ra t ion  f o r  t h e  PTA wind tunne l  tests,  s e v e r a l  impor tan t  cal i -  
b r a t i o n s  were performed. The f i r s t  of t h e s e  was t h e  p r o p e l l e r  d r i v e  motor 
c a l i b r a t i o n  desc r ibed  earlier. This  c a l i b r a t i o n  was needed because t h e r e  
were no p rov i s ions  on t h e  model f o r  measuring p r o p e l l e r  torque. 
The exhaust from t h e  p r o p e l l e r  d r i v e  motor provided a s i g n i f i c a n t  
t h r u s t  component t h a t  r equ i r ed  s p e c i a l  c a l i b r a t i o n s  i n  t h e  wind tunnel. 
F i r s t ,  a s t a t i c  tare c a l i b r a t i o n  was performed wi th  t h e  PTA n a c e l l e  
rep laced  by a c a l i b r a t e d  j e t  nozzle. This  test  determined t h e  i n t e r -  
a c t i o n s  between nozzle t h r u s t  and o t h e r  f o r c e s  and moments measured du r ing  
wind tunne l  tests. A second s t a t i c  tare  w a s  performed w i t h  t h e  PTA 
n a c e l l e  on t h e  wing and t h e  d r i v e  motor pinned t o  prevent  r o t a t i o n  i n  
o r d e r  t o  determine t h e  r e s i d u a l  j e t  t h r u s t  of t h e  PTA n a c e l l e .  F i n a l l y ,  
w i th  wind on, t h e  same model set-up w a s  t e s t e d  wi th  and wi thout  j e t  flow 
t o  provide a j e t  t h r u s t  c a l i b r a t i o n  t h a t  included i n t e r f e r e n c e  e f f e c t s  
wi th  t h e  tunnel  flow. 
I n  t h e  powered wind tunne l  tes ts ,  p r o p e l l e r  t h r u s t  was measured wi th  
t h e  p r o p e l l e r  hub ba lance  between t h e  d r i v e  motor and t h e  p r o p e l l e r .  To 
o b t a i n  d r a g ,  t h i s  t h r u s t  w a s  co r rec t ed  f o r  base and forward s u r f a c e  pres- 
s u r e  f o r c e s  on t h e  hub and added t o  f o r c e  ba lance  measurements. 
A s  mentioned ea r l i e r ,  t h e  f o r c e  ba lance  used i n  t h e  high-speed wind 
tunnel  w a s  s e n s i t i v e  t o  temperature e f f e c t s  i n  t h e  d rag  d i r e c t i o n .  This 
s e n s i t i v i t y  o r i g i n a t e d  i n  t h e  h igh  p res su re  a i r  l i n e s  ( f o r  p r o p e l l e r  
d r i v e )  t h a t  passed around t h e  balance.  The bellows used i n  t h e s e  l i n e s  
were no t  s u f f i c i e n t l y  f l e x i b l e  t o  compensate f o r  thermal expansion f o r c e s  
a t  h igh  pressures .  The problem was aggravated by t h e  o p e r a t i o n a l  charac- 
t e r i s t ic  of t h e  wind tunne l  t h a t  r e s u l t e d  i n  a cont inuous ly  i n c r e a s i n g  a i r  
temperature wi th  i n c r e a s i n g  run t i m e .  An a t tempt  was made t o  c a l i b r a t e  
t h i s  f o r c e  by ins t rument ing  t h e  balance wi th  a number of thermocouples. 
This  e f f o r t  was unsuccess fu l ,  however, s o  t h e  powered d r a g  d a t a  f o r  t h e  
high-speed tes ts  was not  r e l i a b l e .  This thermal  expansion e f f e c t  d i d  n o t ,  
however, degrade o t h e r  f o r c e  measurements ( l i f t ,  s i d e  f o r c e )  s i n c e  the  
bypass l i n e s  were s u f f i c i e n t l y  f l e x i b l e  i n  a l l  d i r e c t i o n s  except  a long  t h e  
ba lance  ax is .  
I n  t h e  low-speed wind tunne l ,  a d i f f e r e n t  balance system was used but 
aga in  t h e  drag  measurements w i th  t h e  propfan powered were e r r a t i c  and 
g e n e r a l l y  un re l i ab le .  These d i sappo in t ing  r e s u l t s  h i g h l i g h t  t h e  d i f f i -  
c u l t i e s  involved i n  o b t a i n i n g  good d rag  d a t a  when h igh  p r e s s u r e  a i r  l i n e s  
must bypass a f o r c e  ba lance  i n  a r e l a t i v e l y  small model. T ime  c o n s t r a i n t s  




5.0 DATA ACCURACY 
The fol lowing examples provide estimates of d a t a  accuracy i n  t h e  
measurement and c a l i b r a t i o n  of test  parameters  and performance coef- 
f i c i e n t s .  A l l  p r e s s u r e s  are normalized with r e fe rence  t o  s tandard  
atmospheric  p re s su re ,  101,325 
Frees tream Mach Number 
Y- 1 
N/mz (2,116 psf) .  
1 - 
- I]>’ 
Assume Mo = 0.6094, y =  1.4 
S t a t i c  P res su re  Error = T o t a l  P res su re  Error = k.002362 
L e t  Ho = 1.2141 and Po = 0.9448 
o Max/Min Error Analysis  




m i  n MO 
AM = f0.9% 
0 
o RMS Error Analysis  
e r r o r  
1.334 1.037; - = aMO aMO 
aHO aPO 
- =  
4 
RMS Erro r  = [(1.037*.002362)2 + (1.334*.002362)2] 
= .00399 o r  0.65% 
P 
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Freestream Dynamic Pressure 
For p = 0,9448 and Mo * 0.6094 0 
qo = 0.2456 
o Max/Min Error Analysis 





o UMS Error Analysis 
3 
RMS Error = 
error 
- a q O  = 0.260; - aqO = 0.806 
aPO aMO 
RMS E r r o r  = [(0.26*.002362)2 + (0.806*.0054) 2 +  ] 
= 0.004396 or 1.79% 
Model S ta t i c  Pressure Coeff ic ient  
P - Po 
40 
0 c p  = 
= 0.9448 f .002362 PO Assume : 
p = 1,1810 f .00142 
= 0.2456 f .004724 QO 
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o Max/Min Error Analysis  
C = 0.962 
'nomina 1 
C = 0.998 
Pmax 
c = 0.927 
Pmin 
AC = f 3.7% 
P 
o RMS Error Analysis  
ac ac ac 
a P  aPO a q O  
4.072; 2 = -4.072; 2 = -3.915 
2 RMS Error = [(4.072*.00142)2 + (-4.072*.002362) 
2 +  + (-3.915*.004724) ] 
= 0.0216 o r  2.24% 
The measurement s y s t e m  f o r  t he  flow survey rakes  used t h e  
same t r ansduce r ,  so t h a t  p re s su re  c o e f f i c i e n t s  were s u b j e c t  
t o  the  same e r r o r s .  
Balance U n c e r t a i n t i e s  
The balance accu rac i e s  f o r  each component are g iven  i n  Table  TV. 
Aerodynamic Coef f i c i en t  Unce r t a in t i e s  
The u n c e r t a i n t i e s  i n  t h e  balance when combined wi th  u n c e r t a i n t i e s  i n  
the  f r ees t r eam dynamic p res su re  g ive  t h e  fol lowing u n c e r t a i n t i e s  i n  
l i f t  c o e f f i c i e n t  and d r a g  c o e f f i c i e n t .  
Assume a c r u i s e  c o n d i t i o n  of Mach = 0.8, f r ees t r eam dynamic p res su re  
of q = 29,686 f 574.6 N/m2 (620 f12 p s f ) ,  and drag  f o r c e  of D = 1010 
f 1 1  N (227 f 2.5 l b ) .  The maximum u n c e r t a i n t y  i n  d rag  c o e f f i c i e n t  
would be 0.0004 o r  4 counts  (about  1.1 percent  of c r u i s e  drag  
c o e f f i c i e n t ) .  For a l i f t  f o r c e ,  L = 9261 f 122 N (2,082 f 27.5 l b )  
t h e  maximum u n c e r t a i n t y  i n  l i f t  c o e f f i c i e n t  would be 0.004 (about  1.4 










(3 ,000 i n - l b )  
452 m-N 
(4 ,000 i n - l b )  
f 1 . 7  m-N 
(15.0 i n - l b )  
f2 .3  m-N 
(20.0 i n - l b )  
LOW SPEED BALANCE 
UNCERTAINTIES LIMITS 
2,824 m - N  
(25,000 i n - l b )  
3,954 m-N 
(35,000 i n - l b )  
H I G H  SPEED 
UNCERTAINTIES 
f122.0 N 
(27.5 l b )  
f l l . O  N 
(2.5 l b )  
f25.0 m-N 
(200.0 i n - l b )  
k33.0 N 
(7.5 l b )  
f14.0 m-N 
(125.0 i n - l b )  
f20.0 m-N 
(175.0 i n - l b )  
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6.0 ANALYTICAL PREDICTIONS 
The CATIA code (Reference 2)  was used to manipulate and store 
configuration geometry for the models. This code allowed simple and rapid 
configuration changes to be input to the flow prediction codes. A typical 
panel model of a PTA configuration is shown in Figure 19. 
Well developed analytical codes were available to predict aerodynamic 
and stability and control characteristics of the PTA model. The basic 
code was QUADPAN (Reference 3)--an advanced, low order, three-dimensional 
panel code that has been widely used in aircraft design studies. QUADPAN, 
while not effective in supersonic flow regions, does incorporate 
compressibility corrections so that it is reasonably accurate for 
transonic flows if imbedded supersonic regions are not dominant. A 
propeller performance code, PROPVRTX, was used to predict slipstream 
properties. This code and its validation are described in Reference 4. 
PROPVRTX was interfaced with QUADPAN by restating QUADPAN surface boundary 
conditions to include velocity perturbations calculated with PROPVRTX, and 
then correcting surface pressures washed by the slipstream for the 
pressure rise across the propeller disc. The efficacy of this technique 
was demonstrated in Reference 5. 
The proper level of slipstream thrust was set by scaling axial and 
tangential velocity distributions to correspond to the desired propfan Cp 
and J values. The basic slipstream model was derived from flow survey 
tests reported in Reference 6 .  
Special consideration was required and given to: treatment of the 
aircrafr wake, simulation of the PTA nacelle exhaust, and accounting for 
internal flow through the engine nacelle inlets. These and other aspects 
of the analytical predictions are discussed in Appendix C. 
Y\G 
Figure 19. QUADPAN Panel Model of PTA Configuration 
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7.0 RESULTS AND DISCUSSION 
7.1 PERFORMANCE DATA 
The 





sepa ra t e  
na tu re  of t h e  PTA a i r c r a f t  and the  PTA program o b j e c t i v e s  
i n  t h e  fol lowing emphases i n  t h e  wind tunnel  program: 
No powered wind tunnel  tests wi th  f l a p s  extended were performed 
because propfan ope ra t ion  wi th  f l a p s  extended was prohib i ted  on 
t h e  a i r c r a f t .  
A heavy emphasis w a s  placed on high-speed drag  because t h e  major 
a i r c r a f t  performance concern w a s  on at ta inment  of Mach 0.8 
des ign  c r u i s e  speed and speeds t o  Mach 0.85, i f  possible .  
A s t r o n g  emphasis w a s  placed on s t a b i l i t y  and c o n t r o l  a t  low 
speeds because low a l t i t u d e  f lyove r s  for no i se  measurements were 
required.  
PTA model was complicated by t h e  powered n a c e l l e  which had a 
f o r c e  balance f o r  p rope l l e r  f o r c e s  and moments, and an a i r  
exhaust  nozzle t h a t  produced s i g n i f i c a n t  t h r u s t  when the  a i r  motor was 
ope ra t ing  t o  d r i v e  the  propfan. A d e s c r i p t i o n  of model f o r c e  bookkeeping 
methods and cons ide ra t ions  f o r  drag  s c a l i n g  a r e  given i n  Appendix D. Drag 
c o e f f i c i e n t s  presented i n  t h i s  d i scuss ion ,  un le s s  o therwise  noted,  a r e  
def ined a s  fol lows:  
CD = Model Balance Drag + Prope l l e r  Thrust  i Powered Nacel le  J e t  Thrust  
7.1.1 Li f t /P i t ch inR  Moment 
7.1-1-1 Data Cor re l a t ion  With Theory 
The bas i c  t o o l  used f o r  aerodynamic a n a l y s i s  i n  t h e  PTA Program w a s  
QUADPAN. It was f i r s t  va l ida t ed  by comparing predic ted  performance wi th  
published G I 1  a i r c r a f t  da t a .  Such a comparison is  shown i n  Figure 20. It 
can be seen t h a t  QUADPAN p r e d i c t s  t h e  CL ver sus  a! curve extremely w e l l ,  
while a good p red ic t ion  i s  obtained f o r  t he  CL versus  C ,  curve. F igure  21 
shows a comparison of r e s u l t s  from the  QUADPAN a n a l y t i c a l  code wi th  wind 
tunnel  d a t a  f o r  the G I 1  model. Again, t h e r e  i s  e x c e l l e n t  agreement 
between theory and experiment f o r  t h e  CL - C Y  curve and good agreement f o r  
t h e  CL-C, curve. The divergence of d a t a  and p red ic t ed  curves  f o r  p i t ch ing  
moment impl ies  t h a t  t h e  n e u t r a l  po in t  f o r  t h e  QUADPAN p r e d i c t i o n  w a s  
s l i g h t l y  a f t  of t h a t  measured i n  t h e  wind tunnel .  
Even 
though QUADPAN is  b a s i c a l l y  an incompressible  code, i t  is  s t i l l  q u i t e  
e f f e c t i v e  a t  h igher  Mach numbers a s  shown i n  Figure 22. I n  t h i s  f i g u r e ,  
d a t a  and p red ic t ions  a r e  shown f o r  t he  PTA model a t  Mach 0.7. It can be 
seen t h a t  t he  l i f t  curve i s  not  p red ic t ed  q u i t e  so p r e c i s e l y  as f o r  t h e  
s i m p l e r  conf igu ra t ion  a t . t h e  lower Mach number, but t he  disagreement is 
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Figure 20. Comparison o f  QUADPAN Predictions with GI1 Data 
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GI1 FORCE DATA AT MACH 0.4 
0 PREDICTED QUADPAN 
AMEASURED LRC 16' TUNNEL 
0.04 0.00 -0.04 -0.08 
PITCHING MOMENT, Cm ANGLE OF ATTACK, U 
Figure 2 1 .  Lift/Pitching Moment Correlation with Theory - GI1 
PTA FORCE DATA AT MACH 0.7 
0 PREDICTED QUADPAN 
A MEASURED LRC 16' TUNNEL 
ANGLE OF ATTACK,U PITCHING MOMENT, Cm 
Figure 22 .  Lift/Pitching Moment Correlation w i t h  Theory - PTA 
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bel ieved  t o  be due more t o  the  a d d i t i o n a l  complexity of the  PTA model than  
t o  the  h igher  Mach number. Again, t he  p i t c h i n g  moment curve is n o t  pre-  
d i c t e d  as w e l l  a s  t h e  l i f t  curve ,  bu t  t h e  agreement is  s t i l l  good. 
The e x c e l l e n t  c o r r e l a t i o n s  of F igures  20 through 22 g i v e  confidence 
i n  t h e  v a l i d i t y  of t h e  wind tunnel  d a t a  and the  a b i l i t y  of t h e  QUADPAN 
code as  a t o o l  f o r  i n t e r p r e t a t i o n  and e x t r a p o l a t i o n  of data .  
7.1.1.2 Conf igura t ion  Buildup 
Figure 23 shows t h e  manner i n  which bui ldup of t h e  model from t h e  GI1 
t o  t h e  PTA conf igu ra t ion  a f f e c t s  l i f t .  The d a t a  are shown f o r  Mach 0.8 
where t h e  e f f e c t s  of t i p  and acous t i c  booms, i f  any, would be expected t o  
be ev ident .  The d a t a  of F igure  23  show t h a t  on ly  the  a d d i t i o n  of t h e  
n a c e l l e  t o  t h e  G I 1  wing has  any no t i ceab le  e f f e c t  on t h e  l i f t  cha rac t e r -  
istics. The PTA n a c e l l e  i nc reases  conf igu ra t ion  l i f t  s l i g h t l y  a t  low 
angles  of a t t a c k ,  and dec reases  l i f t  s l i g h t l y  a t  angles  of a t t a c k  above 3 
degrees.  
F igu re  24 shows t h a t  t h e  t r end  observed a t  Mach 0.8 appeared a t  lower 
Mach numbers a l so .  A t  Mach 0.4 and 0.17 the  PTA n a c e l l e  increased  l i f t  a t  
low ang les  of a t t a c k  bu t  r e s u l t e d  i n  a s l i g h t  l o s s  of l i f t  a t  t h e  higher  
angles .  
The effects  of f l a p s  on l i f t  are shown f o r  t h e  GI1 model i n  Figure 25 
and f o r  t he  PTA model i n  Figure 26. The adverse e f f e c t  of t h e  PTA config-  
u r a t i o n  on maximum l i f t  c o e f f i c i e n t  i s  ev ident  f o r  takeoff  f l a p s  but  i s  
not  seen  f o r  landing f l aps .  
7.1.1.3 E f f e c t s  of Mach Number 
The e f f e c t s  of Mach number on t h e  l i f t  c h a r a c t e r i s t i c s  of t h e  PTA 
model a r e  summarized i n  Figure 27. Inc reas ing  Mach number increased  a! 
f o r  z e r o  l i f t ,  increased  t h e  s lope  of t he  l i f t  curve ,  and decreased l i f t  
a t  t h e  h igher  ang le s  of a t t ack .  
7.1.1.4 E f f e c t s  of t h e  Propfan 
Thrus t  c o e f f i c i e n t s  a v a i l a b l e  f o r  t h e  high-speed tests were low, and 
t h e  propfan  e f f e c t s  on l i f t  t h a t  were measured were i n s i g n i f i c a n t .  A t  low 
speeds ,  however, a wide range of t h r u s t  c o e f f i c i e n t  va lues  were a v a i l a b l e ,  
and s i g n i f i c a n t  e f f e c t s  were observed. These w i l l  be d i scussed  f u l l y  i n  
Sec t ion  7 .3  STABILITY AND CONTROL. S u f f i c e  i t  t o  say i n  t h i s  s e c t i o n  
t h a t  both l i f t  and l i f t  curve s lope  i n c r e a s e  wi th  inc reas ing  propfan 
t h r u s t  wi th  most of t h i s  i nc rease  i n  l i f t  a t t r i b u t e d  t o  t h e  e f f e c t  of 
increased  v e l o c i t i e s  i n  t h e  s l i p s t r eam.  
Drag p o l a r s  f o r  t h e  G I 1  model i n  t h e  low-speed wind tunne l  are shown 
i n  F igure  28. The s e v e r a l  curves  show the  model i n  t h e  t a i l - o f f ,  
v e r t i c a l - t a i l - o n l y ,  and t a i l - o n  conf igura t ions .  Also p l o t t e d  i n  Figure 28 
i s  a drag  p o l a r  from publ ished G I 1  a i r c r a f t  f l i g h t  performance d a t a  a t  
Mach 0.20. I n  t h e  range of l i f t  c o e f f i c i e n t s  from 0.1 t o  0 . 6 ,  i t  can be 
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Figure 24. PTA Lift Coefficients at Several Mach Numbers 
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Figure 25.  Effect of Flaps on Lift - GI1 
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Figure 2 6 .  Effect of Flaps on Lift - PTA 
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Figure 28. Drag Polars for GI1 
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counts h igher  than t h e  f l i g h t  estimates. This  i s  considered t o  be reason- 
a b l e  agreement. It shows t h e  wind tunne l  d rag  t o  be h ighe r  than f l i g h t  
d rag  as would be expected, bu t  a t  approximately t h e  same l eve l .  An 
increment of about 20 counts  would be expected f o r  t h e  d i f f e r e n c e  i n  
Reynolds numbers between t h e  two cases. 
The e f f e c t s  of adding the PTA n a c e l l e  t o  t h e  G I 1  a i r c r a f t  are shown 
i n  Figure 29 .  A t  z e ro  l i f t ,  t h e  impact of t h e  n a c e l l e  i s  t o  add about 30 
counts  of d rag ,  but i n  t h e  range of l i f t  c o e f f i c i e n t s  from 0.1 t o  0.3, t h e  
n a c e l l e  adds about 20 t o  25 counts of drag. 
F igure  30 shows t h e  a d d i t i o n a l  d rag  increment due t o  the a d d i t i o n  of 
t h e  wing t i p  booms. Over t h e  range of moderate l i f t  c o e f f i c i e n t s ,  t h e  
booms add about 20 counts  of drag. The a c o u s t i c  boom was not  added t o  t h e  
low-speed model because r e s u l t s  from t h e  high-speed tunne l  tests had 
a l r e a d y  shown the  d rag  of t h i s  a d d i t i o n  t o  be neg l ig ib l e .  The t o t a l  
increment due t o  PTA mod i f i ca t ions  from t h e  low-speed wind tunne l  tests i s  
approximately 40 t o  4 5  counts  of drag. 
Because Reynolds numbers were h ighe r  i n  t h e  high-speed wind tunnel  
tes ts ,  i t  would be expected t h a t  drag  increments from t h e  high-speed tests 
would be smal le r  than those  from the  low-speed tests. This  can be seen  i n  
Figure 31 where drag  increments f o r  t h e  PTA bui ldup  are p l o t t e d  a g a i n s t  
Mach number. These d a t a  show a drag  c reep  e f f e c t  a t  Mach numbers above 
0.6 and a sha rp  t r a n s o n i c  d r a g  rise above Mach 0.7. 
The e f f e c t  of Mach number on d rag  p o l a r s  f o r  t h e  PTA model i s  shown 
i n  F igure  32. I n  t h i s  f i g u r e ,  t he  i n f l u e n c e  of l i f t  c o e f f i c i e n t  on the  
onse t  of t r a n s o n i c  d rag  rise can be seen. 
I n  t h e  PTA Program, p rov i s ions  were made f o r  vary ing  n a c e l l e  
inc idence  i n  o rde r  t h a t  i n f low angle  t o  t h e  propfan could be v a r i e d  over 
a wide range. The e f f e c t s  of n a c e l l e  i nc idence  on d rag  are shown i n  
Figure 3 3 .  Drag appears  t o  be unaf fec ted  by changes i n  n a c e l l e  inc idence  
from - 1  t o  +2 degrees ,  but i n c r e a s e s  s i g n i f i c a n t l y  when n a c e l l e  t ilt  is  
changed t o  -3 degrees.  
The e f f e c t s  of f l a p s  on PTA model d rag  a re  shown i n  F igure  34 where 
d rag  p o l a r s  are  shown f o r  f l a p  angles  of 0 ,  20, and 4 0  degrees ,  and f o r  
both t h e  G I 1  and t h e  PTA models. Drag performance wi th  f l a p s  is  not  
g r e a t l y  a f f e c t e d  by t h e  a d d i t i o n  of t h e  PTA modi f ica t ions .  
7.2 PRESSURE DISTRIBUTIONS 
The flow f i e l d  around a p r o p e l l e r  n a c e l l e  i n s t a l l e d  on a swept wing 
i s  q u i t e  complex. Therefore ,  t he  PTA model w a s  instrumented w i t h  a number 
of p re s su re  p o r t s  on t h e  n a c e l l e  and on t h e  wing near  t h e  n a c e l l e ,  so t h a t  
t h e  flow f i e l d s  could be i n t e r p r e t e d  and t h e  a n a l y t i c a l  t o o l s  used i n  
des ign  could be eva lua ted .  
Figure 35 shows a comparison of p r e d i c t e d  and measured p res su res  on 
t h e  n a c e l l e .  The wire diagrams a t  t h e  t o p  of t h e  f i g u r e  show the 
a n a l y t i c a l  model, and t h e  shaded areas show t h e  l o c a t i o n  of pane l s  where 
p re s su re  was computed. For t h i s  p rope l l e r -o f f ,  Mach 0.4 c o n d i t i o n ,  i t  can 
be seen that t h e  a n a l y t i c a l  method d i d  an e x c e l l e n t  j o b  of p r e d i c t i n g  
exper imenta l  r e s u l t s .  
F igure  36 shows a comparison of prop-on wind tunnel  d a t a  wi th  pre- 
d i c t e d  v a l u e s  f o r  p re s su res  on the  wing j u s t  inboard and j u s t  outboard of 
t h e  nace l l e .  On t h e  inboard s i d e ,  t h e  a d d i t i o n a l  upwash caused by t h e  
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Figure 36. Wing Surface Pressure Distributions - Mach 0.4 
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s l i p s t r e a m  s w i r l  g i v e s  rise t o  pressure  s u c t i o n  peaks i n  t h e  lead ing  edge 
reg ion  of the wing. On the  outboard s i d e  t h e  downwash on the  lower 
s u r f a c e  g ives  rise t o  suc t ion  peaks i n  the  lower su r face  lead ing  edge 
reg ion .  P red ic t ions  a t  Mach 0.4 a r e  i n  e x c e l l e n t  agreement wi th  t h e  test 
data .  On t h e  inboard s i d e ,  t h e  magnitude of t h e  suc t ion  peak i s  accu- 
r a t e l y  predicted.  The inadequacies  of QUADPAN panel ing a t  t h e  t r a i l i n g  
edge wi th  vanishing s t r i p s ,  however, g i v e s  l o c a l i z e d  erroneous p re s su re  
c o e f f i c i e n t s .  
Outboard of t h e  n a c e l l e ,  c o r r e l a t i o n  of theory  and experimental  d a t a  
is e q u a l l y  good. This  c o r r e l a t i o n  shows t h a t  t h e  QUADPAN a n a l y s i s  pre- 
d i c t s  q u i t e  accu ra t e ly  t h e  f lowf ie ld  a t  subsonic  Mach numbers on t h e  
complex geometry of the  i n t e g r a t e d  wing/nacel le  combination. I n  a d d i t i o n ,  
t he  agreement i n d i c a t e s  t h a t  t h e  p red ic t ed  slipstream has the  c o r r e c t  
induced v e l o c i t y  and s w i r l  d i s t r i b u t i o n  f o r  t he  ope ra t ing  advance r a t i o  
and b l ade  angle  s e t t i n g .  
A t  t h e  higher  Mach number of 0.7, Figure 37 shows t h a t  t he  v e l o c i t y  
i n  t h e  channel between the  n a c e l l e  and t h e  fuse l age  a c c e l e r a t e s  t o  super-  
son ic  va lues  with t h e  p re s su re  peak moving a f t  and then  d e c e l e r a t e s  
through a weak shock wave. QUADPAN p r e d i c t s  t he  suc t ion  peak, bu t  cannot 
p r e d i c t  t h e  supersonic  f low behind t h e  peak. 
F igures  38 and 39 show t h a t  t he  a n a l y s i s  program was e f f e c t i v e  f o r  
p r e d i c t i n g  prop-on flow around the  n a c e l l e  a t  Mach numbers of 0.7 and 0.8, 
r e spec t ive ly .  Again, however, s i n c e  QUADPAN i s  no t  a t r anson ic  code, t he  
flow p r e d i c t i o n  on t h e  inboard s i d e  of t h e  n a c e l l e  i s  not so good where 
the  s w i r l i n g  s l ip s t r eam i n c r e a s e s  l o c a l  angle  of a t t a c k  and c r e a t e s  l o c a l  
reg ions  of supersonic  flow. 
F igure  40 shows wing s u r f a c e  p re s su res  j u s t  inboard and j u s t  outboard 
of t h e  PTA nace l l e  l o c a t i o n  f o r  t he  GI1 and PTA models. On t h e  inboard 
s i d e  of t h e  n a c e l l e ,  t h e  e f f e c t  of t he  n a c e l l e  causes  a l o c a l  a c c e l e r a t i o n  
near  t h e  wing leading  edge. There i s ,  however, no evidence of any s i g n i f -  
i c a n t  f low separa t ion .  On t h e  outboard s i d e  of t h e  n a c e l l e ,  t h e  primary 
e f f e c t  of the nace l l e  appears  t o  be a lowering of t he  l o c a l  angle  of 
a t t a c k  and a s l i g h t  reduct ion  i n  l i f t .  
S i m i l a r  d a t a  a r e  shown i n  Figure 41 for a Mach number of 0 . 8 .  Here 
i t  can be seen t h a t  some shock waves a r e  formed on both inboard and out- 
board s i d e s  of t he  nace l le .  The h igher  l o c a l  Mach numbers on t h e  inboard 
s i d e  of t h e  nace l l e  resu l t  i n  p a r t  from t h e  unsweeping e f f e c t  of t h e  
n a c e l l e  on the  wing and i n  p a r t  from the  a c c e l e r a t i o n  i n  t h e  channel 
formed by the  n a c e l l e ,  wing, and fuse lage .  These e f f e c t s  probably account 
f o r  most of t h e  PTA drag  increment a t  t h e  h igher  Mach numbers. 
The e f f e c t s  of angle-of-attack change on t h e  PTA wing chordwise pres- 
s u r e  d i s t r i b u t i o n s  a t  Mach 0 . 8  a r e  shown i n  Figure 42. A s  is  normal wi th  
an  i n c r e a s e  i n  angle  of a t t a c k ,  f low v e l o c i t i e s  a r e  increased  over  t h e  
wing and decreased under the  wing--result ing i n  inc reased  c i r c u l a t i o n  
l i f t .  It would be expected t h a t  an i n c r e a s e  i n  drag  would accompany t h i s  
l i f t  increase--moderate  a t  low angles  of a t t a c k  but  i nc reas ing  r ap id ly  as 
angle  of a t t a c k  increases .  Ca lcu la t ions  confirm t h a t ,  i n  t h e  angle  of 
a t t a c k  range from zero  t o  about t h r e e  degrees ,  the  l i f t - t o -d rag  r a t i o  was 
approximately 10, bu t  dropped t o  8.5 a t  angle  of a t t a c k  of 4 degrees.  
The e f f e c t  of i n c r e a s i n g  Mach number is  shown i n  Figure 4 3 .  B e l o w  
t h e  c r i t i c a l  f r ees t r eam Mach number, t he  s u c t i o n  peak i s  c l o s e  t o  the  wing 
l ead ing  edge and i n c r e a s e s  with Mach number. I n  t h i s  range, t he  flow 
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Figure 3 7 .  Wing Surface Pressure Distributions - Mach 0 . 7  
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Figure 38. Nacelle Surface Pressure Distributions - Prop-On, 
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Figure 43. Effect of Mach Number on Wing Section Pressures 
62 
behind the  peak recompresses g radua l ly  w i t h  no s i g n s  of f low sepa ra t ion .  
Above t h e  c r i t i c a l  Mach number, however, t h e  s u c t i o n  peak moves a f t  and 
t h e  flow recompresses through a shock wave t h a t  becomes s t r o n g e r  wi th  
inc reas ing  Mach number. I n  t h i s  range,  t h e r e  i s  danger of flow s e p a r a t i o n  
due t o  t h e  s t r o n g  i n t e r a c t i o n  between t h e  shock wave and t h e  boundary 
l aye r .  A t  Mach 0.8, t h e r e  i s  no evidence of ex tens ive  sepa ra t ion ,  
a l though t h e r e  may be some l o c a l l y  a t  t h e  f o o t  of t h e  shock. A t  Mach 
0.85, however, t h e r e  i s  evidence of s e p a r a t i o n  a t  t h e  t r a i l i n g  edge that 
causes  t h e  shock wave t o  move forward. This  is  ev ident  i n  t h e  p re s su re  
d i s t r i b u t i o n s  on the  outboard s i d e  of t h e  n a c e l l e  where s e p a r a t i o n  f i r s t  
occurs.  The wing lower s u r f a c e  p re s su res  a l s o  decrease  wi th  inc reas ing  
Mach number, and a t  Mach 0.85, son ic  v e l o c i t i e s  are reached outboard of 
t h e  n a c e l l e  and te rmina te  through a shock wave. Th i s  t r a n s o n i c  behavior  
i s  r e spons ib l e  f o r  t he  drag  r ise t h a t  s tar ts  a t  about Mach number 0.7. 
7.3 STABILITY AND CONTROL 
I n  t h i s  s e c t i o n ,  aerodynamics d a t a  from t h e  wind tunne l  tests are 
presented  and d iscussed  from t h e  s t andpo in t  of t h e  impact of t h e s e  d a t a  on 
s t a b i l i t y  and c o n t r o l  of t h e  PTA conf igura t ion .  It was intended t h a t  wind 
tunnel  d a t a  would be used i n  the  PTA a i r c r a f t  des ign  by adding the  wind- 
tunnel-derived f o r c e  and moment increments  t o  f u l l - s c a l e  G I 1  d a t a  suppl ied  
by Gulfs t ream Aerospace Corporation. I n  t h e  a n a l y s i s  and d i scuss ion ,  
t h e r e f o r e ,  major emphasis is placed on increments between G I 1  and PTA 
models. It should be remembered t h a t  t h e  PTA wind tunnel  model w a s  a 
mi r ro r  image of t h e  PTA a i r c ra f t - -wi th  t h e  n a c e l l e  on t h e  right-hand wing 
i n  the  wind tunnel  i n s t e a d  of t he  l e f t .  
7.3.1 L i f t  and P i t c h  - Low Speed 
The low-speed l i f t  and p i t ch ing  moment c o e f f i c i e n t s  f o r  t h e  PTA model 
i n  t h e  c l e a n ,  t a k e o f f ,  and landing  c o n f i g u r a t i o n s ,  i n  t he  "ferry"  mode, 
and with a f ea the red  propfan,  are compared wi th  t h e  G I 1  i n  Figure 4 4 .  
I n  t h e  c l ean  conf igu ra t ion ,  t h e  major changes due t o  t h e  PTA i n s t a l -  
l a t i o n  were an almost cons t an t  i n c r e a s e  i n  l i f t  c o e f f i c i e n t ,  over  t h e  
o p e r a t i o n a l  range of angle  of a t t a c k ,  and a small reduct ion  i n  maximum 
l i f t  c o e f f i c i e n t  a t  a lower angle  of a t t a c k .  Very l i t t l e  e f f e c t  i s  shown 
due t o  the  a d d i t i o n  of a f ea the red  p rope l l e r .  The p i t c h i n g  moment d a t a  
show no e f f e c t  on CMo but a s i g n i f i c a n t  d e s t a b i l i z i n g  e f f e c t  on dCM/dCL 
t h a t  i s  f u r t h e r  increased  by t h e  f ea the red  p rope l l e r .  These e f f e c t s  are a 
r e s u l t  of l i f t  generated on t h e  n a c e l l e  forward of t h e  c e n t e r  of g r a v i t y  
and t h e  r e s u l t a n t  changes i n  wing l i f t  due t o  t h e  n a c e l l e  and t i p  booms. 
I n  t h e  takeoff  f l a p  conf igu ra t ion ,  a s imilar  l i f t  i n c r e a s e  occurred 
due t o  t h e  PTA i n s t a l l a t i o n  and a similar l o s s  of maximum l i f t  c o e f f i c i e n t  
a t  a lower angle  of a t t a c k .  The f ea the red  p r o p e l l e r  reduced t h e  l i f t  
increment i n  t h e  o p e r a t i o n a l  angle  of a t t a c k  range and a l s o  f u r t h e r  
reduced t h e  maximum l i f t  c o e f f i c i e n t .  This  reduct ion  i n  l i f t  dec reases  
t h e  s t a b i l i t y  l e v e l  wi th  a f ea the red  p r o p e l l e r  a t  t h e  h ighe r  l i f t  c o e f f i -  
c i e n t s .  A small d e s t a b i l i z i n g  change i n  t a i l  l i f t  due t o  t h e  n a c e l l e  
c o n t r i b u t e s  t o  t h i s  e f f e c t ,  but  t h e  major changes occur  on t h e  wing and 





A PTA + GI1 
X PTA 
















Figure 44. Effects of PTA Modifications on Lift  and Pitching 
Moment 
64 
I n  t h e  landing conf igu ra t ion ,  t he  l i f t  i nc rease  due t o  t h e  PTA 
i n s t a l l a t i o n  remained t h e  same as t h e  takeoff  mode, and t h e  e f f e c t  of 
adding f ea the red  p r o p e l l e r s  was a l s o  t h e  same. The maximum l i f t  l o s s  due 
E O  t he  n a c e l l e  and booms was reduced, and s t a l l  occurred a t  a s l i g h t l y  
lower angle  of a t t ack .  The s t a b i l i t y  decrease  r e l a t i v e  t o  t h e  G I 1  is very  
small, and t h e  e f f e c t  of f ea the red  p r o p e l l e r s  is less d e s t a b i l i z i n g  than 
t h e  takeoff  f l a p  l e v e l .  
The reduced l e v e l  of s t a t i c  s t a b i l i t y  f o r  t h e  PTA conf igu ra t ion  a t  
a l l  f l a p  s e t t i n g s  i s  almost e x a c t l y  balanced by a forward s h i f t  i n  t h e  
c e n t e r  of g r a v i t y  envelope r e l a t i v e  t o  t h e  GII. Thus, t h e  a c t u a l  minimum 
s t a t i c  s t a b i l i t y  margin remains t h e  same as t h e  G I 1  a t  t h e  des ign  a f t  
c e n t e r  of g rav i ty .  The reduct ion  i n  maximum l i f t  c o e f f i c i e n t  r e s u l t s  i n  a 
s l i g h t  i n c r e a s e  i n  minimum o p e r a t i o n a l  speeds r e l a t i v e  t o  t h e  G I I .  These 
i n c r e a s e s  are of l i t t l e  consequence. 
The e f f e c t  of propfan power on l i f t  and p i t c h i n g  moment, f l a p s  up, i s  
shown i n  F igure  45. The l i f t  increment due t o  power increased  wi th  angle  
of a t t a c k  and t h e  maximum l i f t  c o e f f i c i e n t  increased .  The angle  of a t t a c k  
f o r  maximum l i f t  d i d  n o t  change r e l a t i v e  t o  t h e  prop-off value.  This  
e f f e c t  i s  t h e  r e s u l t  of p r o p e l l e r  normal f o r c e  and t h e  s l i p s t r e a m  e f f e c t  
on t h e  n a c e l l e  and wing. The incremental  e f f e c t  of power on l i f t  would be 
less than shown here  f o r  f u l l - s c a l e  a i r c r a f t  due t o  t h e  change i n  Reynolds 
number, bu t  t h e  same t r ends  w i l l  p r e v a i l .  P i t c h i n g  moment becomes more 
p o s i t i v e  with power, and t h e  s t a b i l i t y  l e v e l  decreases :  t h e s e  l e v e l s  w i l l  
be s l i g h t l y  less a t  f u l l - s c a l e  Reynolds number. 
7.3.2 Latera l -Direc t iona l  - Low Speed - Zero S i d e s l i p  
The low-speed s i d e  f o r c e  v a r i a t i o n  with angle  of a t t a c k ,  a t  zero  
s i d e s l i p ,  is shown i n  F igure  46 f o r  t h e  GI1 and the  PTA conf igu ra t ions ,  
f l a p s  up. Small s i d e  f o r c e s  are apparent  f o r  t h e  b a s i c  G I 1  and can be 
a t t r i b u t e d  t o  the  e f f e c t s  of t h e  support  system and tunnel  asymmetries. 
The a d d i t i o n  of t h e  n a c e l l e  and booms c r e a t e d  a negat ive  s i d e f o r c e  incre-  
ment a t  angles  of a t t a c k  above zero.  This  increment has c o n t r i b u t i o n s  
from t h e  n a c e l l e ,  t h e  booms, and from flow changes a t  t h e  f i n .  The 
a d d i t i o n  of t he  f ea the red  propfan r e s u l t e d  i n  an inc rease  i n  p o s i t i v e  
s i d e f o r c e  t h a t  i s  due t o  wing-body changes and a small f lowf ie ld  change a t  
t h e  f i n .  
Yawing moment v a r i a t i o n  wi th  angles  of a t t a c k ,  a t  zero  s i d e s l i p ,  w a s  
e s s e n t i a l l y  ze ro  f o r  a l l  o p e r a t i o n a l  ang le s  of a t t a c k .  The yawing moment 
due t o  n a c e l l e  drag  was o f f s e t  by t h e  yawing moment due t o  induced s i d e  
loads  on t h e  f i n .  The h igh  angle  of a t t a c k  yawing moments are a r e s u l t  of 
low Reynolds number wing s e p a r a t i o n  and would s h i f t  t o  h ighe r  ang le s  a t  
f u l l - s c a l e  condi t ions .  
The r o l l i n g  moment e f f e c t  i s  l a r g e l y  due t o  t h e  l i f t  on t h e  n a c e l l e  
and t h e  l i f t  induced on t h e  wing. This r o l l i n g  moment i s  e s s e n t i a l l y  
cons t an t  with angle  of a t t a c k  and could be e a s i l y  balanced by a i l e r o n  
d e f l e c t i o n  f o r  trimmed f l i g h t .  On t h e  PTA, t h e  n a c e l l e  weight is  not  
completely balanced,  and t h e  a i r c r a f t  c e n t e r  of g r a v i t y  i s  d i sp laced  t o  
t h e  same s i d e  as t h e  n a c e l l e ,  c r e a t i n g  a r o l l i n g  moment i n  the  oppos i te  
d i r e c t i o n .  Th i s  mass imbalance t ends  t o  counter  t h e  aerodynamic e f f e c t  s o  
t h a t  t he  a i r c r a f t  i s  self-tr imming a t  i n t e rmed ia t e  speeds. 
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Figure 45.  Effects of Propfan Power on Aerodynamic Characteristics 
in Pitch - Flaps Up 
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Figure 46. Effects of  PTA Modifications on Side Force, Yawing 
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With f l a p s  down i n  t h e  takeoff  and landing  modes, t h e  e f f e c t  of t h e  
n a c e l l e  r e l a t i v e  t o  t h e  GI1 is very  small as shown i n  Figures  47 and 48. 
There are e f f e c t s  i n  s i d e  f o r c e  and r o l l i n g  moment f o r  t h e  GI1 t h a t  are 
t h e  r e s u l t  of an u n i d e n t i f i e d  asymmetry i n  t h e  f l a p  conf igu ra t ion  t h a t  
should no t  unduly i n f l u e n c e  t h e  incremental  e f f e c t  of t h e  PTA i n s t a l l a -  
t ion .  
The e f f e c t  of power on s i d e f o r c e ,  yaw, and r o l l i n g  moment as a 
func t ion  of angle  of attack a t  ze ro  s i d e s l i p  is  shown i n  Figure 49. The 
small o f f s e t  i n  s i d e f o r c e  w i t h  p r o p e l l e r s  o f f  r o t a t e d  about an angle  of 
a t t a c k  of 4 degrees  as  power increased.  Normal c r u i s e  angle  of a t t a c k  is  
around 3 t o  4 degrees  a t  the  lower speeds a s soc ia t ed  wi th  h igh  power 
c o e f f i c i e n t s ;  hence,  t h e  change i n  bank angle  requi red  t o  balance t h e  
s i d e f o r c e  a t  zero  s i d e s l i p  would remain q u i t e  small. The d a t a  show an 
i n c r e a s e  i n  s ide fo rce  i n  t h e  nega t ive  d i r e c t i o n  w i t h  power i n c r e a s e  t h a t  
f l a t t e n s  t o  a cons t an t  va lue  a t  h igh  TC. 
The yawing moment change wi th  power fo l lows  t h e  inc rease  i n  t h r u s t  
very c l o s e l y  wi th  l i t t l e  n e t  aerodynamic inf luence .  The l e v e l  of yawing 
moment c o e f f i c i e n t  shown h e r e  a t  a T of 0.9 i s  ve ry  c l o s e  t o  t h e  maximum 
yawing moment a v a i l a b l e  from t h e  $udder and would t h e r e f o r e  provide a 
l i m i t  on t h e  minimum f l i g h t  speed wi th  f u l l  propfan power. However, t he  
r o l l i n g  moment due t o  power reached a l i m i t i n g  cond i t ion  a t  a TC of 0.6. 
The r o l l i n g  moment d a t a  shown i n  F igure  49 is made up of p r o p e l l e r  
normal f o r c e ,  s i d e f o r c e ,  propel ler-s l ipstream-induced l i f t  on t h e  wing, 
and induced loads on t h e  f i n  and h o r i z o n t a l  t a i l .  The l e v e l  increased  
wi th  both angle of a t t a c k  and TC and is  t h e r e f o r e  c r i t i c a l  t o  low-speed 
f l i g h t .  For the  PTA a i r c r a f t ,  t h e  l i m i t i n g  cond i t ion  f o r  low-speed f l i g h t  
i s  based on t h e  t r i m  c o n d i t i o n  of no more than  50-percent wheel throw t o  
balance t h e  o f f s e t  roll. 
7.3.3 Late ra l -Di rec t iona l  - Low Speed - Variab le  S i d e s l i p  
The v a r i a t i o n  of s i d e f o r c e ,  yawing moment, and r o l l i n g  moment wi th  
s i d e s l i p  angle ,  shown i n  Figure 50, demonstrates  t h e  small i n f luence  of 
t h e  n a c e l l e  and booms on a i r c r a f t  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y .  Re la t ive  
t o  t h e  G I I ,  t h e  s i d e f o r c e  v a r i a t i o n  wi th  s i d e s l i p  inc reased ,  and t h e  
yawing moment and r o l l i n g  moment v a r i a t i o n  decreased. These e f f e c t s  are 
p r i m a r i l y  due t o  the  added n a c e l l e  s i d e  area wi th  l i t t l e  o r  no in f luence  
from the  v e r t i c a l  f i n .  The non- l inear i ty  i n  the  r o l l i n g  moment curves  I s  
a normal e f f e c t  of wing load d i s t r i b u t i o n  changes wi th  s i d e s l i p  t h a t  
decrease  wi th  inc reas ing  Reynolds number f o r  t h e  f u l l - s c a l e  a i r c r a f t .  The 
o f f s e t  i n  r o l l  a t  ze ro  s i d e s l i p  i s  t h e  va lue  f o r  3-degrees ang le  of 
a t t a c k  and i s  d iscussed  i n  t h e  previous sec t ion .  
The e f f e c t  of power on the  low-speed, l a t e r a l - d i r e c t i o n a l  d a t a  is  
shown i n  Figure 51. s i d e f o r c e  due t o  s i d e s l i p  (dCy/dB) was inc reased  
by propfan power due t o  s l i p s t r e a m  e f f e c t s  on t h e  wing and nace l le .  
Yawing moment due t o  s i d e s l i p  (dCn/dB) w a s  s l i g h t l y  decreased by propfan 
power p r imar i ly  due t o  change i n  the  wing loading  and d i r e c t  p r o p e l l e r  
e f f e c t s .  Rol l ing  moment due t o  s i d e s l i p  w a s  reduced s l i g h t l y  wi th  propfan 
power as a r e s u l t  of wing load  changes. The o f f s e t s  a t  z e r o  s i d e s l i p  i n  
s i d e f o r c e ,  yawing moment, and r o l l i n g  moment are appropr i a t e  f o r  3 degrees  
of ang le  of a t t a c k  and are  d iscussed  i n  t h e  prev ious  sec t ion .  
The 
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Figure 47 .  Effects of PTA Modifications on Side Force, Yawing 
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Figure 5 1 .  Effects of Propfan Power on Aerodynamic Characteristics 
in Sideslip - Flaps Up 
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Simi la r  d a t a  are shown i n  F igures  52 and 53 f o r  t h e  takeoff  and land- 
ing  c o n f i g u r a t i o n s ,  r e spec t ive ly .  The same l e v e l  of i n c r e a s e  i n  s i d e f o r c e  
v a r i a t i o n  and decrease  i n  yawing moment and r o l l i n g  moment wi th  s i d e s l i p  
ang le  occurred r e l a t i v e  t o  t h e  G I 1  as f o r  t he  f laps-up conf igura t ion .  The 
o f f s e t  i n  r o l l i n g  moment f o r  t he  bas i c  G I 1  i s  aga in  apparent.  
No propfan powered d a t a  were obta ined  i n  t h e  wind tunne l  f o r  t h e  
f l aps -de f l ec t ed  cases because t h e  PTA a i r c r a f t  was not  designed t o  ope ra t e  
under those  condi t ions .  
7.3.4 Contro l  Effectiveness - Low Speed 
Eleva to r  e f f e c t i v e n e s s  f o r  t h e  t h r e e  f l a p  conf igu ra t ions  i s  shown i n  
F igure  54. With the  f l a p s  up, t h e r e  was s l i g h t l y  less p i t ch ing  moment due 
t o  e l e v a t o r  d e f l e c t i o n  i n  t h e  PTA conf igu ra t ion  r e l a t i v e  t o  t h e  G Z I .  Both 
show f u r t h e r  l o s s e s  a t  nega t ive  angles  of a t t ack .  These d i f f e r e n c e s  are 
l a r g e l y  due t o  t h e  v a r i a t i o n  of t a i l  angle  of a t t a c k  wi th  f l a p  s e t t i n g  and 
show t h a t  a t  nega t ive  va lues  ( f u s e l a g e  angle  of a t t a c k  less than  1.4 
deg rees )  t h e  e f f e c t i v e n e s s  of ful l -up e l e v a t o r  d e f l e c t i o n  diminished bu t  
was no t  s t a l l e d .  For 20 degrees  of f l a p ,  t h e  nega t ive  t a i l  angle  of 
a t t a c k  range began a t  a fuse l age  angle  of a t t a c k  of 8 degrees  and showed 
the  t y p i c a l  decrease  i n  e f f e c t i v e n e s s  through zero. For f l a p s  a t  48 
degrees ,  t h e  t a i l  angle  of a t t a c k  i s  always nega t ive ,  and t h e  secondary 
"plateau" has  a l r eady  been reached. A t  z e ro  fuse l age  ang le  of a t t a c k ,  
t a i l  s t a l l  began wi th  f u l l  up e l e v a t o r ,  t hus  t h e  sha rp  decrease  i n  
e l e v a t o r  e f f ec t iveness .  Under these  cond i t ion ,  t h e  t o t a l  t a i l  l i f t  is  
a lmos t cons t a n  t . 
A l l  t h e s e  e f f e c t s  are h igh ly  Reynolds number dependent,  and a t  
f u l l - s c a l e  cond i t ions ,  i t  i s  a n t i c i p a t e d  t h a t  no l o s s  of e l e v a t o r  
e f f e c t i v e n e s s ,  e i t h e r  on t h e  G I 1  or t h e  PTA, would a c t u a l l y  occur.  The 
t r a i l i n g  edge down e l e v a t o r  of 10 degrees  shows l i t t l e  or  no e f f e c t  of 
angle  of a t t a c k  on PTA conf igura t ion .  
Rudder e f f e c t i v e n e s s  d a t a  are shown i n  F igures  55 through 57 f o r  t he  
G I 1  and PTA models i n  t h e  c l e a n ,  t a k e o f f ,  and landing  conf igu ra t ions  as a 
f u n c t i o n  of fuse l age  angle  of a t t a c k .  Very l i t t l e  d i f f e r e n c e  i n  effec- 
t i v e n e s s  occurred f o r  any of t h e  axes r e l a t i v e  t o  the  G I I ,  bu t  t h e r e  does 
appear t o  be a s l i g h t  i n c r e a s e  due t o  propfan power, f l a p s  up. 
S p o i l e r  e f f e c t i v e n e s s  d a t a  are shown i n  Figure 58 as increments  due 
t o  s p o i l e r  d e f l e c t i o n  about  a l l  axes f o r  t h e  G I 1  and the  PTA configura-  
t i o n s .  It should be noted t h a t  t h e  s i n g l e  outboard s p o i l e r  pane l  i s  used 
f o r  both GI1 and PTA d a t a  and is  mounted on t h e  r i g h t  wing wi th  t h e  PTA 
n a c e l l e .  The l i f t  decrement due t o  s p o i l e r  d e f l e c t i o n  i s  inc reased  by the  
presence of t h e  propfan nace l le .  The n a c e l l e  increased  t h e  o u t e r  wing 
span loading ,  t hus  c r e a t i n g  more l i f t  f o r  t h e  s p o i l e r  t o  reduce. The 
a d d i t i o n  of a f ea the red  propfan reduced t h e  l i f t  decrement due t o  t h e  
s p o i l e r  back t o  the  same l e v e l  as t h e  G I 1  con f igu ra t ion  f o r  ang le s  of 
a t t a c k  up t o  6 degrees  and then  shows f u r t h e r  degrada t ion  a t  h ighe r  ang le s  
as t h e  l i f t  due t o  t h e  n a c e l l e  increased.  This  occurred because t h e  
f e a t h e r e d  p r o p e l l e r  in f luenced  t h e  ou te r  wing and reduced t h e  l i f t  ga ins  
from t h e  nace l l e .  The p i t c h i n g  moment increment due t o  the  s p o i l e r s  i s  i n  
t h e  a i r c r a f t  nose-up d i r e c t i o n  and is  c o n s i s t e n t  wi th  t h e  l i f t  reduct ion  
behind t h e  moment center .  S ide fo rce  changes are n e g l i g i b l e ,  and a small 
yawing moment increment due t o  s p o i l e r  d rag  i s  apparent .  The r o l l  due t o  
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Figure 58. Spoiler Effectiveness in Pitch - Flaps Up 
81 
s p o i l e r  d e f l e c t i o n  had t h e  same shape as t h e  l i f t  r educ t ion  and remained 
almost cons t an t  t o  h igh  a n g l e s  of a t t ack .  Fu l l - sca l e ,  t h e s e  va lues  would 
hold t o  a h ighe r  ang le  of a t t a c k  as t h e  s t a l l  l e v e l  increased .  Because 
some of t h e  s p o i l e r  pane l s  were d e a c t i v a t e d  f o r  t h e  PTA i n s t a l l a t i o n ,  i t  
was es t imated  t h a t  s p o i l e r  e f f e c t i v e n e s s  would d iminish  t o  about 5 5  per- 
c e n t  of t h e  publ i shed  G I 1  values.  These d a t a  i n d i c a t e ,  however, that  PTA 
s p o i l e r  e f f e c t i v e n e s s  is about 62 percent  of t h e  GI1 performance. 
The e f f e c t  of propfan  power on t h e  r o l l  e f f e c t i v e n e s s  of t h e  s p o i l e r  
and a i l e r o n  (one s i d e  only)  i s  shown i n  F igu re  59.  The a i l e r o n  c o n t r i -  
bu t ion  was not  a f f e c t e d  by power, hence t h e  d i f f e r e n c e s  are e n t i r e l y  
s p o i l e r  e f f e c t s .  The l o c a l  i n c r e a s e  i n  l i f t  due t o  the propfan s l i p s t r e a m  
c o n t r i b u t e d  t o  the  inc reased  s p o i l e r  e f f e c t i v e n e s s  and t h e  d e l a y  i n  t h e  
"drop-off" a t  h igh  angle  of a t t ack .  The e f f e c t  of s i d e s l i p  on s p o i l e r  
r o l l  power i s  a l s o  shown i n  t h i s  f i gu re .  A t  nega t ive  s i d e s l i p  angles  
( r i g h t  wing t r a i l i n g ) ,  t h e  e f f e c t i v e n e s s  of t h e  s p o i l e r  was reduced f o r  
both G I 1  and PTA c o n f i g u r a t i o n s  and was l a r g e l y  due t o  t h e  l o s s  of wing 
l i f t  on t h e  t r a i l i n g  wing. The propfan s l i p s t r e a m  reduced t h e  s i d e s l i p  
loss  and hence improved the s p o i l e r  e f f e c t i v e n e s s  such t h a t  e s s e n t i a l l y  no 
change occurred wi th  s i d e s l i p .  Opera t iona l ly ,  t h i s  e f f e c t  i s  of l i t t l e  
consequence s i n c e ,  i n  g e n e r a l ,  t h e  s p o i l e r  on t h e  l ead ing  wing would be 
d e f l e c t e d  f o r  s i d e s l i p  c o n t r o l .  
S p o i l e r  e f f e c t i v e n e s s  wi th  takeoff  f l a p  is  shown i n  F igure  60. The 
l i f t  l o s s  due t o  s p o i l e r  increased  because of t h e  inc reased  wing l i f t  
from t h e  f l a p s ,  and consequent ly ,  t h e  r o l l  e f f e c t i v e n e s s  of t h e  s p o i l e r  
increased .  The fu l l - span  G I 1  s p o i l e r  produced a r o l l i n g  moment c o e f f i -  
c i e n t  of 0.0344 compared t o  t h e  PTA level (props  o f f )  of 0.0194. Thus, 
t h e  PTA s p o i l e r  e f f e c t i v e n e s s  was 56 percent  of t h e  G I 1  l e v e l .  
S i m i l a r  d a t a  f o r  t h e  landing  f l a p  c o n f i g u r a t i o n  a r e  shown i n  F igure  
61. S p o i l e r  r o l l i n g  moment e f f e c t i v e n e s s  was f u r t h e r  i nc reased  r e l a t i v e  
t o  t h e  flaps-up l e v e l  and i s  60 percent  of t h e  published G I 1  l e v e l  wi th  
l and ing  f l ap .  
The complete r o l l  c o n t r o l  c o n s i s t s  of l e f t  and r i g h t  a i l e r o n  de f l ec -  
t i o n  of f10 degrees  and s p o i l e r  d e f l e c t i o n  on " a i l e r o n  up" wing. The 
a i l e r o n  e f f e c t i v e n e s s  was unchanged by t h e  PTA c o n f i g u r a t i o n  and does  no t  
vary wi th  f l a p  d e f l e c t i o n .  For low-speed f l i g h t ,  t he  t o t a l  c o n t r i b u t i o n  
from t h e  a i l e r o n  to  t h e  r o l l i n g  moment c o e f f i c i e n t  was 0.020. The 
r e s u l t a n t  s p o i l e r / a i l e r o n  e f f e c t i v e n e s s  of t h e  PTA c o n f i g u r a t i o n  r e l a t i v e  
t o  the published G I 1  l e v e l  becomes 86 p e r c e n t ,  76 percent ,  and 7 1  percent  
f o r  t h e  c l e a n ,  t a k e o f f ,  and l and ing  f l a p  c o n f i g u r a t i o n s ,  r e spec t ive ly .  
Opera t iona l ly ,  t h e s e  v a l u e s  have t o  be a d j u s t e d  f o r  f l e x i b i l i t y  e f f e c t s ,  
and s i n c e  the PTA wings are cons iderably  s t i f f e r  than  t h e  GI1 wings, t h e  
percentage  l o s s  of e f f e c t i v e n e s s  due t o  the  reduced span s p o i l e r  should be  
lowered. 
7.3.5 E f f e c t  of Nacelle Inc idence  - Low Speed 
The e f f e c t  of n a c e l l e  inc idence  changes on l i f t  and p i t c h i n g  moment 
i s  shown i n  F igures  62 and 63. V i r t u a l l y  no change i n  l i f t  occurred over 
t he  o p e r a t i o n a l  range of ang le  of a t t ack .  Small changes i n  maxLmum l i f t  
C o e f f i c i e n t  are apparent.  These are probably due t o  d i f f e r e n c e s  i n  wing 
l ead ing  edge p res su re  changes i n  the v i c i n i t y  of t h e  n a c e l l e  t h a t  would 
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i n  p i t c h i n g  moment occurs  wi th  +2 degrees  of inc idence  r e l a t i v e  t o  -1 
degree t h a t  i s  a f u n c t i o n  of a n a c e l l e  l i f t  change. There Ls a l s o  a 
negat ive  p i t ch ing  moment change wi th  -3 degrees  t h a t  has  been masked by a 
similar p o s i t i v e  change a t  the  h o r i z o n t a l  t a i l .  In  t h e  presence of prop- 
f a n  power, t hese  p i t c h i n g  moment changes are s t ronge r  and more uniform. 
The t a i l  changes a r e  small and random and i n s i g n i f i c a n t .  The t r i m  changes 
a s soc ia t ed  wi th  n a c e l l e  inc idence  are small bu t  uniform. 
The e f f e c t  of t h e  n a c e l l e  inc idence  changes on l a t e r a l - d i r e c t i o n a l  
d a t a  i n  s i d e s l i p  i s  ve ry  small and of no consequence, The change i n  s ide-  
f o r c e  wi th  n a c e l l e  i nc idence  i s  t h e  only  measurable parameter w i t h  h i g h  
propfan power and should cause  small changes i n  bank angle  f o r  t r i m  t h a t  
would be d i f f i c u l t  t o  d e t e c t .  
7.3.6 Lift and Pitch - High Speed 
The v a r i a t i o n  of l i f t  and p i t ch ing  moment wi th  Mach number f o r  t h e  
G I 1  and var ious  PTA c o n f i g u r a t i o n s  i s  shown i n  F igures  64 through 67 f o r  
Mach numbers from 0.4 t o  0.85. A l i f t  increment due t o  t h e  PTA n a c e l l e ,  
of t he  same magnitude as t h e  low-speed d a t a ,  can be seen i n  Figure 64 a t  
lower angles  of attack. A s  angle  of a t t a c k  inc reased ,  t h i s  l i f t  increment 
changed t o  a l o s s  as a r e s u l t  of i n n e r  wing l ead ing  edge loading  s h i f t s .  
This load  s h i f t  a l s o  produced a s t a b l e  change i n  p i t ch ing  moment a t  high 
ang le s  of a t t a c k  t h a t  are above t h e  angles  f o r  o p e r a t i o n a l  needs. For 
l i f t  c o e f f i c i e n t s  between 0.2 and 0.4, t he  p i t c h i n g  moment d i f f e r e n c e s  
between t h e  PTA and G I 1  con f igu ra t ions  became smaller as Mach number i s  
increased  t o  0.85. Hence only smal l  d i f f e r e n c e s  i n  t r i m  requirements and 
l i f t  a t  cons tan t  ang le  of a t t a c k  are t o  be expected. 
Composite p i c t u r e s  showing compress ib i l i t y  e f f e c t s  on l i f t  d a t a  f o r  
t h e  G I 1  and PTA c o n f i g u r a t i o n s  are shown i n  F igure  68. These p l o t s  were 
cons t ruc ted  us ing  t h e  low-speed and high-speed tes t  r e s u l t s .  For t hese  
p l o t s ,  t he  low-speed d a t a ,  which were obta ined  a t  a Reynolds number of 
1.65 m i l l i o n ,  have been co r rec t ed  t o  the  Reynolds number of t h e  high-speed 
d a t a  (3.35 mil l ion  based on wing chord). The l i f t  c o r r e c t i o n  i s  p r imar i ly  
due t o  wing l i f t -curve-s lope  changes. 
It can be seen  i n  F igure  68 t h a t  the  PTA maximum l i f t  was s l i g h t l y  
reduced, and t h e  c o m p r e s s i b i l i t y  e f f e c t  peaked a t  a s l i g h t l y  lower Mach 
number than f o r  t h e  G I I .  It i s  these  two parameters t h a t  d e f i n e  the  
b u f f e t  onse t  curve f o r  t h e  ope ra t iona l  speed range. Superimposed on t h e  
G I 1  l i f t  d a t a  i s  t h e  b u f f e t  onse t  curve der ived  from f l i g h t  experience.  
A t  low Mach numbers, t h i s  curve i s  p r imar i ly  an  i n d i c a t i o n  of t h e  begin- 
ning of s t a l l  s epa ra t ion ;  a t  h igh  Mach numbers, i t  i s  a r e s u l t  of shock 
s h i f t s  and boundary l a y e r  t h i ckness  adjustments  caus ing  wing load changes 
t h a t  r e s u l t  i n  bu f fe t ing .  This  l a t t e r  u s u a l l y  becomes n o t i c e a b l e  c l o s e  t o  
t h e  l i f t  peak a t  a p a r t i c u l a r  Mach number and ang le  of a t t a c k  combination 
as ind ica t ed  by t h e  2- and 3-degree points .  A t  4 and 5 degrees  the test 
d a t a  i n d i c a t e  a b u f f e t  o n s e t  p r i o r  t o  t h e  peak l i f t  f o r  t h e  G I I .  The PTA 
compress ib i l i t y  peak occurred a l i t t l e  earlier and would t h e r e f o r e  
i n d i c a t e  an  earlier b u f f e t  onset .  
and p i t c h i n g  moment d a t a  from low- 
and high-speed tests. The e f f e c t s  of compress ib i l i t y  on t h e  p i t c h i n g  
moment a t  cons t an t  l i f t ,  as shown i n  F igure  69, i n d i c a t e  a t y p i c a l  Mach 
Figures  69 and 70 summarize l i f t  
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Test 
"tuck" above a Mach number of 0.8 f o r  both t h e  G I 1  and t h e  PTA configura- 
t i o n s .  This  nose down tendency is  a l i t t l e  more pronounced f o r  t he  PTA 
conf igura t ion .  The Mach t r i m  compensator i n  t h e  G I 1  c o n t r o l  system should 
be adequate  f o r  t he  PTA as w e l l .  
The l i f t  change due t o  t h e  PTA i n s t a l l a t i o n  (F igure  70)  resul ts  i n  a 
change i n  angle  of a t t a c k  f o r  ze ro  l i f t  w i th  only  minor changes i n  l i f t  
curve s lope.  The l i f t  i n c r e a s e  due t o  power a t  low speeds r e s u l t s  i n  
changes i n  both. The dec rease  i n  angle  of a t t a c k  for  ze ro  l i f t  r e s u l t s  i n  
an i n c r e a s e  i n  p i t c h i n g  moment a t  ze ro  l i f t  con t r ibu ted  by t h e  t a i l  as can 
be seen  i n  Figure 69 a t  M = 0.4. A t  t h e  low-speed t e s t  po in t ,  t he  
apparent  lower t a i l  i n p u t  t o  p i t c h i n g  moment a t  ze ro  l i f t  i s  due t o  t h e  
lower Reynolds number a t  t h e  t a i l  as p rev ious ly  discussed.  The forward 
movement of t he  n e u t r a l  p o i n t  due t o  the  PTA conf igu ra t ion  is  seen  t o  be 
uniform over  the  Mach range. The e f f e c t  of power i s  most pronounced a t  
low speeds (high Tc). 
7.3.7 Late ra l -Di rec t iona l  E f f e c t s  - High Speed 
La te ra l -d i r ec t iona l  d a t a  are shown i n  F igures  71 through 74 i n  terms 
of s i d e  f o r c e ,  yawing moment, and r o l l i n g  moment c o e f f i c i e n t s  a t  *5 
degrees  of s i d e s l i p  as a func t ion  of angle  of a t t ack .  No d i r e c t  s i d e s l i p  
d a t a  a t  cons tan t  angle  of a t t a c k  were obta ined  i n  the  high-speed test due 
t o  tunnel  support  c o n s t r a i n t s .  The o f f s e t s  a t  ze ro  s i d e s l i p  are a l s o  
shown. The s i d e  f o r c e  and r o l l i n g  moment e f f e c t s  f o r  t he  GI1 are a r e s u l t  
of the  aerodynamic loads  on the  non-metric cover  a t  t h e  model-to-sting 
i n t e r f a c e .  While i t  i s  impossible  t o  f u l l y  e x t r a c t  t h i s  increment from 
the  d a t a ,  s i n c e  the  cover loads  vary as a func t ion  of t h e  conf igu ra t ion ,  
i t  i s  f e l t  t h a t  t h e  incrementa l  e f f e c t  of t h e  PTA w i l l  be r ep resen ta t ive .  
From Figure 71 ,  a t  Mach 0.4, t h e  incrementa l  e f f e c t  of s i d e s l i p  on 
s i d e  f o r c e  i s  seen t o  i n c r e a s e ,  r e l a t i v e  t o  t h e  G I I ,  when t h e  n a c e l l e  is 
leading  and decrease ,  r e l a t i v e l y ,  when t h e  n a c e l l e  i s  t r a i l i n g .  Yawing 
moment due t o  s i d e s l i p  shows l i t t l e  v a r i a t i o n  wi th  ang le  of a t t a c k  and 
only a s l i g h t  reduct ion  r e l a t i v e  t o  t h e  G I I .  Roll due t o  s i d e s l i p  i s  
s l i g h t l y  reduced by t h e  PTA conf igu ra t ion  bu t  has  t h e  same rate of 
i nc rease  with angle  of a t t a c k  as t h e  GII. 
Simi la r  e f f e c t s  are seen  i n  Figure 72 a t  a Mach number of 0.7 and 
Figure 73 a t  a Mach number of 0.8. A t  a Mach number of 0.85, F igure  74, 
the  reduct ion  i n  roll due t o  s i d e s l i p  a t  h igh  ang le s  of a t t a c k  i s  s t r o n g e r  
f o r  t he  PTA than f o r  t h e  G I 1  and may be n o t i c e a b l e  t o  the  p i l o t  i f  he 
a t t e m p t s  t o  p ick  up a wing wi th  c o n t r o l l e d  s i d e s l i p .  It may a l s o  be noted 
t h a t  t he  o f f s e t  i n  r o l l  a t  ze ro  s i d e s l i p  i s  reduced t o  ze ro  a t  small 
angles  of a t t a c k  and becomes p o s i t i v e  a t  h ighe r  angles .  This  has t h e  
e f f e c t  of making the  o f f s e t  i n  weight due t o  t h e  n a c e l l e  appear heav ie r  a t  
h igh  Mach numbers. 
A summary of t h e  s i d e s l i p  d e r i v a t i v e s  and t h e  o f f s e t s  a t  ze ro  s ide-  
s l i p  are shown as f u n c t i o n s  of Mach number i n  F igures  75 and 76. It can 
be seen  t h a t  t h e r e  i s  very l i t t l e  d i f f e r e n c e  i n  t h e  d e r i v a t i v e s  r e l a t i v e  
t o  t h e  G I 1  of s i g n i f i c a n c e  t o  a i r c r a f t  handl ing  q u a l i t i e s  for t e s tbed  
ope ra t ions  o the r  than t h e  reduct ion  i n  roll due t o  s i d e s l i p .  This  reduc- 
t i o n  tends  t o  inc rease  t h e  dutch  roll s t a b i l i t y  and inc rease  the  s p i r a l  
i n s t a b i l i t y .  This  e f f e c t  i s  of l i t t l e  consequence e s p e c i a l l y  wi th  a 
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Figure 7 1 .  Comparison of GI I and PTA in Sideslip - Mach 0 . 4  
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Figure 74 .  Comparison of GI1 and PTA in Sideslip - Mach 0 .85  
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7.3.8 Eleva to r  E f fec t iveness  - High Speed 
No e l e v a t o r  da t a  were obtained i n  t h e  high-speed wind tunnel  tests 
s i n c e  no change i n  e f f e c t i v e n e s s  w a s  p red ic ted .  A p o s s i b l e  change i n  t a i l  
angle  of a t t a c k  due t o  the  n a c e l l e ,  or l o c a l  dynamic p res su re  changes, 
would have been t h e  only  source  of a change i n  e l e v a t o r  e f f ec t iveness .  
The t a i l  angle  of a t t a c k  change due t o  t h e  n a c e l l e  i s  less than  0.5 
degrees ,  and no l o c a l  dynamic p res su re  change was de tec ted .  
7.3.9 Rudder Ef fec t iveness  - High Speed 
The e f f e c t i v e n e s s  of t h e  rudder a t  small d e f l e c t i o n s  ( 5  degrees)  i s  
shown i n  Figure 77 as a func t ion  of Mach number. These shapes are t y p i c a l  
f o r  a swept f i n  a i r c r a f t .  The d a t a  show a h ighe r  l e v e l  of e f f e c t i v e n e s s  
f o r  t he  G I 1  than  i s  publ ished toge the r  wi th  a w e l l  def ined  compress ib i l i t y  
e f f e c t .  This  is  the  only a r e a  of s i g n i f i c a n t  disagreement wi th  published 
s t a b i l i t y  and c o n t r o l  d a t a  i n  t h e  whole test  series. It i s  p o s s i b l e  t h a t  
t h e  h igher  e f f e c t i v e n e s s  l e v e l  i s  due t o  non-metric loads  on t h e  s t i n g  
cover. However, d a t a  obtained from t h e  QUADPAN model a t  M = 0.45 and 
M = 0.8 tend t o  v e r i f y  t h e  l e v e l  as measured. The PTA d a t a ,  power on, 
shows a s i g n i f i c a n t  i nc rease  i n  rudder e f f e c t i v e n e s s  r e l a t i v e  t o  t h e  G I 1  
a t  M = 0.4 and 0.7. A t  M = 0.8, an ear l ie r  break i n  t h e  compress ib i l i t y  
r i se  r e s u l t s  i n  a s l i g h t  r educ t ion  i n  rudder e f f ec t iveness .  These changes 
would have l i t t l e  e f f e c t  on t h e  a i r c r a f t  opera t ion .  
7.3.10 Aileron-Spoi ler  E f fec t iveness  - High Speed 
Ai le ron  and s p o i l e r  e f f e c t i v e n e s s  from M = 0.4 t o  M = 0.85  is  shown 
i n  Figure 78. The a i l e r o n  d e f l e c t i o n  of 10 degrees ,  t r a i l i n g  edge up, i s  
t h e  maximum t r a v e l .  A t  low Mach numbers, t h e  r o l l i n g  moment due t o  10 
degrees  of a i l e r o n  i s  7-percent h igher  than t h e  G I 1  publ ished l e v e l .  A t  
h igh  Mach number an e a r l y  break i n  compress ib i l i t y  e f f e c t  occurs  and 
r e s u l t s  i n  lower e f f e c t i v e n e s s  beyond a Mach number of 0.7. The wind 
tunnel  G I 1  d a t a  has a s i m i l a r  Mach number e f f e c t  as shown f o r  an angle  of 
a t t a c k  of 3 degrees .  The f u l l - s c a l e  a i r p l a n e  h a s  vo r t ex  g e n e r a t o r s  on t h e  
upper su r face  of t he  wing outboard of the  fence  t o  t ake  care of t h i s  
phenomenon, and i t  i s  t h e r e f o r e  assumed t h e  PTA f u l l - s c a l e  w i l l  have a t  
l eas t  the  GI1 f u l l - s c a l e  e f f ec t iveness .  S i m i l a r l y ,  s p o i l e r  e f f e c t i v e n e s s  
i s  seen t o  be h ighe r  than t h e  55 percent  of t h e  f u l l - s c a l e  G I 1  l e v e l  esti- 
mated f o r  t h e  PTA s h o r t  span s p o i l e r  bu t  wi th  an  e a r l y  shock r e l a t e d  loss.  
The vo r t ex  gene ra to r s  on t h e  f u l l - s c a l e  a i r c r a f t  are expected t o  r e s t o r e  
t h i s  l e v e l .  Maximum s p o i l e r  d e f l e c t i o n  is  nominally 35 degrees  as shown 
i n  the  low-speed s e c t i o n  and is  a v a i l a b l e  a t  h igh  speed. 
7.4 LEX (LEADING EDGE EXTENSION) PERFORMANCE 
The o b j e c t i v e s  of t h e  LEX des ign  and t h e  methodology t o  achieve  those 
o b j e c t i v e s  are descr ibed  i n  Appendix A. Genera l ly ,  i t  was d e s i r e d  to  
recontour  t h e  wing l ead ing  edge reg ion  s o  t h a t  it would be less  s e n s i t i v e  
t o  the  upwash produced by t h e  propfan s l ips t ream.  
Wind tunnel  tes t  d a t a  showing the  e f f e c t s  of t h e  LEX on wing p res su re  
d i s t r i b u t i o n s  are shown i n  F igures  79 and 80. Data are shown a t  Mach 
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numbers of 0.7 and 0.8 f o r  t h e  PTA b a s i c  conf igu ra t ion  w i t h  and without  
t h e  propfan and f o r  t h e  powered conf igu ra t ion  wi th  t h e  LEX added. Unfor- 
t u n a t e l y ,  t he re  were no p rov i s ions  i n  t h e  LEX hardware i t s e l f  f o r  p re s su re  
measurements, so t h e  f i rs t  few p o i n t s  of t h e  p re s su re  d i s t r i b u t i o n  curves 
are missing f o r  t h e  LEX conf igura t ion .  There are some conclus ions  t h a t  
can be drawn, however, w i t h  t h e  p o i n t s  ava i l ab le .  
The p res su re  d i s t r i b u t i o n s  shown i n  Figure 79 f o r  t h e  conf igu ra t ion  
w i t h  t h e  LEX have t h e  chord dimension ad jus t ed  f o r  t h e  a d d i t i o n a l  l eng th  
of t h e  LEX. A t  Mach 0.7, i t  can be seen t h a t  t h e  e f f e c t  of power on the  
b a s i c  GI1 wing i s  t h e  same as an angle-of-attack increase-- there  i s  a 
s l i g h t  i nc rease  i n  Mach number (more nega t ive  Cp) and t h e  shock wave is  
s l i g h t l y  f u r t h e r  a f t .  For t h e  same power c o n d i t i o n  wi th  t h e  LEX, however, 
t h e r e  i s  cons iderably  less a c c e l e r a t i o n  over t h e  f r o n t  p a r t  of t h e  air- 
f o i l .  I n  t h i s  case, the  LEX has  c l e a r l y  done what i t  w a s  designed t o  do. 
A t  Mach C . 8 ,  t h e  a c c e l e r a t i o n  over  t h e  l ead ing  edge is  not  as  s t r o n g  
wi th  t h e  LEX as without  i t ,  but  t h e  flow does accelerate t o  a h igher  Mach 
number. While t h i s  could have had a negat ive  e f f e c t ,  t h i s  does not appear 
t o  be t h e  case because t h e  d e c e l e r a t i o n  behind t h e  peak i s  mild wi th  no 
evidence of t r a i l i n g  edge s e p a r a t i o n  as t h e r e  was i n  t h e  case without  t he  
LEX. 
A d rag  po la r  p l o t  f o r  t h e  Mach 0.8 case is  shown i n  F igure  81. This  
p l o t  confirms t h e  success  of t h e  LEX design--showing t h a t  t h e  a d d i t i o n  of 
t h e  LEX reduced drag  a t  t he  design l i f t  c o e f f i c i e n t  by approximately 29 
counts.  A t  h igher  l i f t  c o e f f i c i e n t s ,  t h e  e f f e c t  of t h e  sof tened  leading  
edge of t h e  LEX conf igu ra t ion  i s  even g r e a t e r ;  whereas a t  lower l i f t  coef- 
f i c i e n t s ,  t h e  b a s i c  conf igu ra t ion  does not  g e t  i n t o  as much t r o u b l e ,  and 
t h e  b e n e f i t s  from t h e  LEX are  less. 
7.5 WAKE SURVEY DATA 
7.5.1 Wing Pressure  Measurements 
It was des i r ed  i n  t h e  f low survey tests t h a t  f low about t he  semispan 
model match as c l o s e l y  as  poss ib l e  t h e  f low about t h e  fu l l - span  PTA model. 
To check t h a t  t h i s  w a s  accomplished, comparisons were made of t h e  wing 
p res su re  d i s t r i b u t i o n s  from t h e  flow f i e l d  tests wi th  those  obta ined  i n  
t h e  16-Ft Transonic  Aerodynamics Wind Tunnel f o r  t h e  fu l l - span  model. 
These comparisons are shown i n  F igures  82 and 83 f o r  two wing spanwise 
s t a t  ions  . 
I n  Figure 8 2 ,  f o r  q = , 328 ,  t h e  d a t a  from t h e  f low f i e l d  survey tests 
a t  zero  ang le  of a t t a c k  a r e  compared w i t h  d a t a  from t h e  16-Ft Transonic  
Aerodynamics Wind Tunnel a t  zero  and 1-degree angles  of a t t ack .  It can be 
seen  t h a t  t h e  flow survey tes t  d a t a  on t h e  upper s u r f a c e  f a l l  g e n e r a l l y  
between the  two d a t a  p l o t s  from t h e  o t h e r  tunnel .  This  imp l i e s  t h a t  t h e r e  
i s  an e f f e c t i v e  angle-of-at tack d i f f e r e n c e  between t h e  two f a c i l i t i e s  of 
t h e  o rde r  of ha l f  a degree or less. 
On t h e  lower s u r f a c e ,  t h e r e  w a s  a modi f ica t ion  of t h e  f low survey 
model t o  accommodate rake  ins t rumenta t ion  tubes  e x i t i n g  t h e  model. This  
produced a protuberance t h a t  caused t h e  p re s su re  d i s t r i b u t i o n s  t o  be d i f -  
f e r e n t  from those i n  the  f u l l  span model tests. However, i n  t h e  l ead ing  
edge reg ion ,  t h e  flow survey test d a t a  s t i l l  f a l l  between t h e  o t h e r  two 
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Figure 83. Pressure Distributions Outboard of Nacelle 
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On t h e  outboard s i d e  of t he  n a c e l l e ,  t h e  d a t a  i n  F igure  83 e x h i b i t  
t h e  same c h a r a c t e r i s t i c s  as  t h a t  seen  i n  F igure  82. It w a s  concluded then 
t h a t  the flow f i e l d s  around t h e  semispan model were b a s i c a l l y  t h e  same as 
those  around t h e  f u l l  span model, b u t  that t h e  angle  of a t t a c k  i n  t h e  flow 
f i e l d  tes ts  i s  e f f e c t i v e l y  about one-half degree h igher  than t h a t  i n  the  
fu l l - span  model tests. 
7.3.2 Flow Field Data 
The use of E h o l e  probes t o  measure three-dimensional v e l o c i t y  
vec to r s  is  s t i l l  somewhat a n  a r t - - p a r t i c u l a r l y  i n  high speed flows. Con- 
sequent ly ,  some f a c t o r s  i n  t h e s e  tests r e s u l t e d  i n  unexpected e f f e c t s  on 
t h e  data .  Looking a t  F igure  6, two f e a t u r e s  of t h e  experimental  set-up 
should be noted. F i r s t ,  the  rakes were i n s t a l l e d  as c l o s e  as p o s s i b l e  t o  
t h e  i n l e t  f a c e  on t h e  model. This  was done i n i t i a l l y  when i t  was thought 
t h a t  t hese  tes ts  would inc lude  powered e f f e c t s ;  t h u s ,  t h e  rakes were 
mounted s o  t h a t  one p o s i t i o n  would s u f f i c e  f o r  both prop-on and prop-off 
conf igura t ions .  
The second f e a t u r e  t o  be noted i s  t h e  attachment of t h e  rake t o  the  
model. The bracket  t o  which the  rake a t t ached  presented a f low i n t e r f e r -  
ence g r e a t e r  than  d e s i r a b l e  i n  a t r anson ic  flow. The e f f e c t s  of both t h e  
i n l e t  l i p s  and t h e  support  b racke t  were measured by t h e  rake probes (as 
they  should be). The p r e d i c t i o n  code, QUADPAN, on the  o t h e r  hand, w a s  not  
paneled i n  s u f f i c i e n t  d e t a i l  t o  adequate ly  model t h e s e  f e a t u r e s  of t h e  
model hardware. Thus, as w i l l  be seen l a t e r ,  t h e  p r e d i c t i o n s  f a i l e d  t o  
r e f l e c t  a l l  of t h e  f low nuances de t ec t ed  by the  rakes. 
Flow f i e l d  d a t a  f o r  Mach 0.6 are presented i n  F igures  84 through 86 
i n  t h e  form of va lues  of t he  t h r e e  v e l o c i t y  components U ,  V ,  and W 
normalized wi th  respect t o  f r ees t r eam ve loc i ty .  In  each f i g u r e  d a t a  are 
presented  f o r  t h e  rakes  a t  f o u r  azimuthal pos i t i ons .  
I n  Figure 84, va lues  are shown f o r  t h e  axial  component U. The 
agreement of t he  d a t a  wi th  t h e  QUADPAN p r e d i c t i o n s  is  not  very good, I n  
F igures  85 and 86, t h e  d a t a  f o r  t h e  v e r t i c a l  component W and t h e  l a te ra l  
component V show much b e t t e r  agreement wi th  QUADPAN pred ic t ed  values .  It 
i s  n a t u r a l  t o  ques t ion  whether the  V and W d a t a  are c r e d i b l e  when the  U 
d a t a  show such poor agreement. It is be l i eved ,  however, t h a t  t h e  V and W 
d a t a  should be accepted f o r  t he  fol lowing reasons.  F i r s t ,  t h e  measurement 
of U i s  an abso lu te  value;  t h e  measurements of V and W, on t h e  o t h e r  hand, 
are r e l a t ive - tha t  i s ,  they  depend on d i f f e r e n c e s  between p res su res  
measured a t  d i f f e r e n t  p o i n t s  on t h e  5-hole probe. These r e l a t i v e  measure- 
ments are  i n h e r e n t l y  more accu ra t e  than t h e  absolu te .  Therefore ,  even i f  
t h e  U va lue  i s  i n  e r r o r ,  V and W may be c o r r e c t .  
The second reason is  re l a t ed .  It has  a l r eady  been poin ted  out  t h a t  
t h e  rakes are c l o s e r  than des i r ed  t o  support  and o t h e r  model hardware. 
This  proximity not  only causes  the  rake t o  be i n  reg ions  of l o c a l  acceler- 
a t i o n  and d e c e l e r a t i o n  t h a t  are not  p red ic t ed  by QUADPAN, b u t  i t  a l s o  may 
produce spur ious  readings because t h e  rake support  i s  not e x a c t l y  t h e  same 
as  t h a t  used i n  t h e  c a l i b r a t i o n .  
For these  reasons,  t h e  approach taken i n  t h e  d i s c u s s i o n  of t h e  wake 
survey r e s u l t s  has been t o  d i scoun t ,  somewhat, t h e  d a t a  f o r  t h e  ax ia l  
component U and t o  base conclus ions  pr imar i ly  on t h e  d a t a  f o r  V and W. 
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Figure 84. Rake Data for Axial Velocity Component U at Mach 0 . 6  
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Figure 85.  Rake Data for Vertical Velocity Component W at Mach 0.6 
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Figure 86. Rake Data for Lateral Velocity Component V at Mach 0.6 
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Data f o r  t he  l a t e r a l  component V show a much b e t t e r  se l f -cons is tency  
than those f o r  U and a much b e t t e r  c o r r e l a t i o n  wi th  t h e  QUADPAN predic- 
t ions .  I n  f a c t ,  o v e r a l l ,  t h e  agreement wi th  pred ic ted  va lues  is  good 
except f o r  t he  rake p o s i t i o n  i n  f r o n t  of t he  i n l e t  ( J  = 90 degrees).  
Here, t h e  disagreement is  a t t r i b u t e d  t o  t h e  inadequacy of t h e  QUADPAN 
pane l i n g  . 
W i n  Figure 86 show an e x c e l l e n t  
agreement wi th  t h e  p red ic t ed  values.  A t  a l l  fou r  rake p o s i t i o n s  the  
v a r i a t i o n  of W wi th  d i s t a n c e  from t h e  prop c e n t e r l i n e  and t h e  v a r i a t i o n  
wi th  angle  of a t t a c k  are w e l l  p red ic ted  by QUADPAN. 
Data recorded a t  Mach 0.85 are shown f o r  t he  t h r e e  v e l o c i t y  compo- 
nents  i n  Figures  87 and 88. The t rends  observed i n  the  lower Mach number 
d a t a  are gene ra l ly  repeated i n  t h e s e  f igu res .  Obviously, t h e r e  is  no 
breakdown i n  the  QUADPAN code a t  t he  higher  Mach number. 
were performed f o r  t h e  purpose of 
demonstrating t h a t  t h e  subsonic  i n v i s c i d  code QUADPAN can be used t o  
p r e d i c t  t h e  propfan flow f i e l d  f o r  a l l  t h e  cond i t ions  of t h e  PTA f l i g h t  
t e s t  program. I n  s p i t e  of t h e  d i f f i c u l t i e s  experienced,  i t  i s  bel ieved 
t h a t  t he  d a t a  provide t h i s  demonstration. 
The d a t a  for the  v e r t i c a l  component 
These flow f i e l d  measurement tests 
7.6 ISOLATED PROPELLER TEST 
The g o a l  i n  t h e  i s o l a t e d  p rope l l e r  tests w a s  t o  assess the  p r o p e l l e r  
performance i n  the  absence of i n s t a l l a t i o n  e f f e c t s .  I n  order  t o  do t h i s ,  
t he  p r o p e l l e r  should,  i d e a l l y ,  have a support  n a c e l l e  no l a r g e r  than t h e  
hub diameter  of t he  p rope l l e r .  Because t h i s  support  must enc lose  t h e  
p r o p e l l e r  d r i v e  system and a l l  t he  necessary  ins t rumenta t ion  t o  monitor 
p r o p e l l e r  performance, t h i s  i d e a l  was i m p r a c t i c a l ,  so an axisymmetrical  
n a c e l l e  a s  small  a s  poss ib l e  was employed. 
Tes t s  were run a t  Mach 0.4 with t h e  t h r u s t  a x i s  angle  of a t t a c k  
ranging from -2 t o  12  degrees  and p r o p e l l e r  b lade  p i t c h  set  a t  49 degrees  
(measured a t  t he  3/4-blade r a d i a l  s t a t i o n ) .  S i x  advance r a t i o s  were s e t  
by varying the  p r o p e l l e r  r o t a t i o n a l  speed from 11,000 t o  16,000 rpm. 
Vibra t ion  problems precluded t e s t i n g  a t  Mach numbers h igher  than 0.4 
The d a t a  obtained from t h e  hub balance included p r o p e l l e r  a x i a l  
f o r c e ,  normal f o r c e ,  and p i t ch ing  moment. Using t h e  a i r  motor d r i v e  
p re s su re ,  p r o p e l l e r  r o t a t i o n a l  speed, and previous c a l i b r a t i o n  d a t a ,  t h e  
torque and horsepower absorbed by the  p r o p e l l e r  were deduced. These da t a  
allowed t h e  de te rmina t ion  of p r o p e l l e r  performance and its v a r i a t i o n  wi th  
p r o p e l l e r  advance r a t i o  and angle  of a t t ack .  
Thrust  and power c o e f f i c i e n t s ,  p l o t t e d  a g a i n s t  p r o p e l l e r  advance 
r a t i o  r e f l e c t  p r o p e l l e r  performance. These a r e  p l o t t e d  i n  F igures  89 and 
90. The d a t a  a r e  i n  good agreement wi th  a n a l y t i c a l  p r e d i c t i o n  and a l s o  
c o r r e l a t e  wel l  wi th  t h a t  p red ic t ed  f o r  t h e  f u l l - s c a l e  propel le r .  
Data from t h e  i s o l a t e d  p r o p e l l e r  test  i n  t h e  Langley 4M x 7M Subsonic 
Wind Tunnel a r e  shown i n  F igures  91 and 92. Data are shown f o r  blade 
p i t c h  ang le s  of 38 degrees  and 40 degrees.  Cor re l a t ion  wi th  theory here  
is  not  as good a s  i n  t h e  high-speed tests. One reason f o r  t h i s  
discrepancy i s  t h a t  t h e  mounting system i n  t h e  4M x 7H is more i n t r u s i v e  
( s e e  Figure 12)--producing a n a c e l l e  of increased  c ross - sec t iona l  a r e a ,  
and t h e  support  system i s  c l o s e r  t o  the  p r o p e l l e r  plane. 
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Figure 8 7 .  Rake Data for Axial and Lateral Velocity Component at Mach 0 .85  
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Figure 88.  Rake Data for Vertical Velocity Component W a t  Mach 0.85 
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When t h e  t h r u s t  a x i s  of t h e  p r o p e l l e r  i s  i n c l i n e d  t o  t h e  f r ees t r eam,  
t h e  p r o p e l l e r  b lades  no longer  exper ience  uniform aerodynamic loading  but 
are s u b j e c t  t o  c y c l i c a l l y  changing f o r c e s ,  the magnitude, of which depends 
on t h e  b l ades  azimuthal l oca t ion .  The per iod  of t h e s e  changes i s  t h e  same 
as t h a t  which t h e  b l ades  t a k e  t o  complete one revolu t ion .  Some i n s i g h t  
i n t o  t h e  o r i g i n  of t h e s e  loads  can be obta ined  by examining t h e  behavior 
of a b lade  element dur ing  t h e  course  of r o t a t i o n .  F igure  93 shows s i d e  
and f r o n t  views of a p r o p e l l e r  d i s k  w i t h  t h e  t h r u s t  axis i n c l i n e d  a t  at t o  
t h e  f r ees t r eam v e l o c i t y  Vo. The f r ees t r eam v e l o c i t y  can be resolved 
i n t o  component Vocos a , normal t o  t h e  p lane  of r o t a t i o n ,  and component 
V s i n a t  p a r a l l e l  t o  t h e  p lane  of r o t a t i o n .  
A b lade  s e c t i o n  ope ra t e s  wi th  an equ iva len t  f r ees t r eam v e l o c i t y  of 
magnitude V c o s a t  and a r o t a t i o n a l  component w r  + VOsinar  cos^, cons t an t  
i n  d i r e c t i o n  but vary ing  i n  magnitude w i t h  azimuthal pos i t i on .  Conse- 
quent ly ,  t h e  b l ade  can be cons idered  t o  ope ra t e  a t  a vary ing  advance 
r a t i o .  This  v a r i a t i o n  i s  s i n u s o i d a l  and reaches  a maximum a long  c L =  0 
degrees and a minimum along fi = 180 degrees.  
Consider t h e  blade element shown i n  F igure  9 4 .  The b lade  element 
undergoes c y c l i c  changes i n  l o c a l  b lade  angle  of a t t ack .  This  v a r i a t i o n  
i s  p l o t t e d  a g a i n s t  azimuthal l o c a t i o n  f o r  t h r e e  r a d i a l  s t a t i o n s  of 0.35, 
0.55, and 0.75 i n  F igure  95. Subsequently,  t h i s  g i v e s  rise t o  a c y c l i c  
b lade  t h r u s t  and torque. The c y c l i c  t h r u s t  g i v e s  rise t o  a s t eady  yawing 
moment while t h e  c y c l i c  to rque  g i v e s  rise t o  a normal force .  The reduc- 
t i o n  i n  forward v e l o c i t y  from Vo t o  V o  c o s a  reduces t h e  advance r a t i o  
cor respondingly  and, as w i l l  be shown l a t e r ,  r e s u l t s  i n  a J c o s a  s h i f t  i n  
t h e  performance da ta .  
F igure  96 shows t h e  v a r i a t i o n  of s t eady  p r o p e l l e r  t h r u s t  c o e f f i c i e n t  
w i th  t h r u s t  a x i s  angle  of a t t a c k .  The o f f s e t  of t h e  minima of these  
curves  i s  due t o  tunne l  and model suppor t  upwash. As angle  of a t t a c k  is 
inc reased  o r  decreased from t h e s e  minima ( n e t  ze ro  angle  of a t t a c k ) ,  t h e  
t h r u s t  i nc reases .  The s e n s i t i v i t y  of t h r u s t  t o  angle  change i s  a maximum 
a t  t h e  h ighes t  advance r a t i o  of 1.8 and a minimum a t  an advance r a t i o  of 
t. 0.9. Th i s  i s  d i r e c t l y  r e l a t e d  t o  t h e  e f f e c t i v e  advance r a t i o  J c o s a  F igure  97 shows curves  of t he  t h r u s t  c o e f f i c i e n t  ve r sus  advance r a t i o  a t  a 
ze ro  ang le  of a t t a c k  and 16 degrees  ang le  of a t t ack .  These curves  a l s o  
show t h e  i n c r e a s e  i n  t h r u s t  due t o  t h r u s t  i n c l i n a t i o n .  F igu re  98 shows 
t h e  two curves p l o t t e d  ve r sus  Jcosar  and they almost c o l l a p s e  t o  a 
s i n g l e  curve. The reason  they  do n o t  completely c o l l a p s e  is  t h e r e  i s  some 
r e s i d u a l  upwash due t o  t h e  suppor t  system, and t h e  geometric angle  of 
a t t a c k  needs t o  be ad jus t ed  f o r  t h a t  i n t e r f e r e n c e  e f f e c t .  
A p r o p e l l e r  a t  ang le  of a t t a c k  produces a normal f o r c e  and an accom- 
panying yawing moment due t o  t h e  f l u c t u a t i n g  p e r i o d i c  loads  on t h e  b lades  
as expla ined  earlier. The normal f o r c e  inc reased  l i n e a r l y  w i t h  p r o p e l l e r  
ang le  of a t t a c k  as shown f o r  t h e  1/9-scale SR-7 a t  Mach 0.4 obta ined  i n  
t h e  16-Ft Transonic Aerodynamics Wind Tunnel. On i n c r e a s i n g  t h e  advance 
r a t i o ,  t h e  normal f o r c e  c o e f f i c i e n t  i nc reased  g i v i n g  a fami ly  of s t r a i g h t  
l i n e s .  T h e o r e t i c a l l y ,  they  should a l l  pas s  through t h e  o r i g i n ,  because 
there should be no normal f o r c e  a t  z e r o  ang le  of a t t a c k ,  b u t  because of 
t h e  r e s i d u a l  upwash i n  t h e  tunne l ,  t h e r e  is  some normal f o r c e  a t  ze ro  
alpha. 
F igure  99 shows normal f o r c e  d a t a  from t h e  4M x 7M Subsonic Wind 
0 t 
t ’  
t 
t ’  
Tunnel at Mach 0.165. Here t h e  d a t a  i s  n o t  l i n e a r  
due t o  changes i n  upwash caused by t h e  suppor t  
ang le s  of a t t ack .  
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but  shows t h e  v a r i a t i o n  
system a t  t h e  d i f f e r e n t  
*- 
Vo - FREE STREAM VELOCITY 
a t  - PROPELLER ANGLE OF ATTACK 
Figure 93. Propeller at Angle o f  Attack 
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REFERENCE VELOCITY / 0IACRAM.a = 0 
t 
Figure 94. Changes in- Blade Angle of Attack Due to Thrust  Axis Inclination 
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WIND TUNNEL DATA 
MACH = 0.2 
q = 60, p= 3 8 O  
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Figure 96. Thrust Coefficient Versus Angle of  Attack 
MACH = 0.165, q = 40 
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Figure 98.  Collapse of Thrust Coefficient Data on J Cos a t 
MACH = 0.165 
q = 40 ,  p =  40 
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Figure 99 .  Normal Force Coefficient Data Versus Angle of Attack 
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8.0 CONCLUDING REMARKS 
1. Performance d a t a  from these  wind tunnel  tests were v a l i d a t e d  i n  two 
ways. The d a t a  f o r  t h e  G I 1  con f igu ra t ion  were va l ida t ed  by comparison 
wi th  publ ished d a t a  f o r  t h e  G I 1  a i r c r a f t .  Good agreement was found. 
Data f o r  both the  G I 1  and t h e  PTA model conf igu ra t ion  were compared 
wi th  a n a l y t i c a l  p r e d i c t i o n s  made wi th  t h e  Lockheed codes QUADPAN and 
PROPVRTX. Again, t he  agreement was good. 
2. A t  moderate angles  of a t t a c k  and subsonic  speeds,  t h e  impact of t he  
PTA modif ica t ions  on a i r c r a f t  performance were t o  i n c r e a s e  l i f t  
s l i g h t l y  and inc rease  drag  by about 15 percent .  The d r a g  increment 
increased  r ap id ly  above Mach 0 . 6 ,  however, and a t  t h e  des ign  c r u i s e  
Mach number of 0.8, t h e  drag  increment w a s  about 30 percen t  of t h e  
b a s i c  G I 1  drag. Maximum l i f t  c o e f f i c i e n t s  were reduced by t h e  PTA 
mod i f  i c a t  ions.  
3. The PTA modif ica t ions  reduced l o n g i t u d i n a l  s t a b i l i t y  s l i g h t l y  but  had 
n e g l i g i b l e  e f f e c t s  on l a t e r a l  and d i r e c t i o n a l  s t a b i l i t y .  
4. Rol l  c o n t r o l  power was s i g n i f i c a n t l y  reduced from t h e  G I 1  values-- 
p r i m a r i l y  because some of t he  G I 1  s p o i l e r  pane ls  were d e a c t i v a t e d  f o r  
t h e  PTA i n s t a l l a t i o n .  Rudder and e l e v a t o r  e f f e c t i v e n e s s ,  on t h e  o the r  
hand, were only s l i g h t l y  a f fec ted .  
5. Test r e s u l t s  showed t h a t  a lead ing  edge ex tens ion  (LEX) designed f o r  
t h e  wing on the  inboard s i d e  of t h e  n a c e l l e  would l i k e l y  reduce a i r -  
c r a f t  d rag  i n  t h e  high-speed drag  rise range i f  it were needed. 
6. Three-component v e l o c i t y  surveys i n  t h e  high-speed f low f i e l d  j u s t  
behind the  prop plane showed reasonable  c o r r e l a t i o n  wi th  theory  i n  
some cases, and not  so  good c o r r e l a t i o n  i n  o thers .  C o r r e l a t i o n  was 
b e s t  f o r  t he  t r a n s v e r s e  components where measurement accuracy was 
b e t t e r .  A major o b j e c t i v e  of t h e s e  tests w a s  t o  determine i f  t h e r e  
was a s i g n i f i c a n t  d e t e r i o r a t i o n  of t h e  c o r r e l a t i o n  a t  t he  t r anson ic  
speeds. The d a t a  i n d i c a t e  t h a t  t h i s  w a s  no t  t h e  case. 
7. A concern a t  t h e  beginning of t h i s  program had t o  do wi th  t h e  des ign  
of small-scale  propfan r o t o r s  t o  p rope r ly  s imula te  t h e  s i g n i f i c a n t  
c h a r a c t e r i s t i c s  of t h e  f u l l - s c a l e  ro to r s .  I s o l a t e d  propfan r o t o r  
tests were performed t o  provide d a t a  so t h a t  scale c o r r e c t i o n s  could 
be applied.  Resul t s  showed a good c o r r e l a t i o n  between p red ic t ed  and 




, APPENDIX A 
DESIGN OF THE LEX (LEADING EDGE EXTENSION) 
Transonic drag  of t h e  PTA conf igu ra t ion  w a s  a major concern i n  t h e  
des ign  program. It was recognized t h a t  t h e  combination o f :  (a)  wing 
unsweeping by a d d i t i o n  of t h e  PTA n a c e l l e ,  (b)  local-wing-angle-of-attack 
i n c r e a s e s  due t o  t h e  s w i r l  of t h e  s l i p s t r e a m ,  and (c) flow channel ing  by 
t h e  fuse lage /wing/nace l le  conf igu ra t ion  he ld  t h e  p o t e n t i a l  f o r  s i g n i f i c a n t  
unpred ic t ab le  d rag  rise. 
I n  r ecogn i t ion  of t h e s e  concerns,  s e v e r a l  d rag  r educ t ion  dev ices  were 
explored a n a l y t i c a l l y ,  and one w a s  s e l e c t e d  t o  be t e s t e d  i n  t h e  tunnel  
program. The l a t t e r  was a l ead ing  edge ex tens ion  (LEX) on t h e  inboard 
s i d e  of t h e  nace l l e .  Its purpose w a s  t o  recamber t h e  wing i n  that  reg ion  
most l i k e l y  t o  be nega t ive ly  a f f e c t e d  by s l i p s t r e a m  s w i r l .  
DESIGN OBJECTIVES 
The LEX des ign  employed a d e s i r e d  o r  t a r g e t  p re s su re  d i s t r i b u t i o n  a s  
t h e  "optimization" c r i t e r i o n  because s u r f a c e  p re s su res  may be used t o  
q u a l i t a t i v e l y  e v a l u a t e  t h e  d rag  c h a r a c t e r i s t i c s  of a conf igu ra t ion .  I n  
t h e  t r a n s o n i c  regime, they  can r evea l  t he  presence of shock waves and thus  
t h e  wave drag  a s s o c i a t e d  wi th  t h e  conf igu ra t ion .  Design exper ience  allows 
one t o  d e r i v e  a s u i t a b l e  t a r g e t  p re s su re  d i s t r i b u t i o n  f o r  a g iven  sur face .  
I n  t h e  t r a n s o n i c  case ,  t h e  target wing s e c t i o n a l  p re s su re  on t h e  upper 
s u r f a c e  should have no l e a d i n g  edge peaks which l ead  t o  premature shock 
wave compressions, bu t  r a t h e r  a p re s su re  c o e f f i c i e n t  d i s t r i b u t i o n  t h a t  is 
well-rounded, i n d i c a t i n g  a c o n t r o l l e d  flow a c c e l e r a t i o n  t o  supersonic  
v e l o c i t i e s ,  followed by a r e t u r n  t o  subsonic  f low through a nea r  shockless  
recompression. The adverse  p re s su re  g r a d i e n t  approaching t h e  t r a i l i n g  
edge should be g e n t l e  enough s o  t h a t  no r e a r  s e p a r a t i o n  occurs. 
C o l l e c t i v e l y ,  t h e  s e c t i o n  p res su re  d i s t r i b u t i o n s  can be a s ses sed  by 
examining t h e  wing i s o b a r  pa t t e rn .  Any l o s s  of i s o b a r  sweep due t o  
l o c a l i z e d  h igh  s u c t i o n  peaks and s t e e p  adverse  p re s su re  g r a d i e n t s  should 
be avoided. S ince  t h e  o r i g i n a l  G I 1  wing embodied t h e  aforementioned 
d e s i g n  c r i t e r i o n ,  t h e  t a r g e t  adopted i n  t h e  LEX des ign  was t o  r e s t o r e  t h e  
PTA wing flow t o  p a t t e r n s  similar t o  t h a t  of t h e  G I 1  wing. 
DESIGN PROCEDURES 
The planform e x t e n t  of t h e  modi f ica t ion  w a s  e s t a b l i s h e d  as shown i n  
F igure  A-1,  and t h r e e  wing c o n t r o l  s e c t i o n s  were chosen. A t  t h e s e  t h r e e  
s e c t i o n s  t h e  wing chord was extended forward and reshaped t o  b e t t e r  
accommodate t h e  upwash i n  t h e  j u n c t u r e  area from t h e  s l i p s t r e a m  s w i r l .  
The ex tens ion  was blended wi th  t h e  n a c e l l e ,  care being t aken  t o  keep t h e  
f r o n t a l  area a minimum. 
The b a s i c  des ign  procedure i s  shown schemat i ca l ly  i n  F igu re  A-2. 
F i r s t ,  SUNTAN, a two-dimensional t r a n s o n i c  code, was employed t o  produce 
wing s e c t i o n s  approaching t h e  d e s i r e d  contours  a t  t h e  c o n t r o l  s ec t ions .  
The upper s u r f a c e  i s  more c r i t i c a l  than  the lower and w a s  blended i n t o  t h e  
o r i g i n a l  wing s o  as n o t  t o  cause premature recompression o r  "kinks" i n  t h e  
p re s su re  d i s t r i b u t i o n .  On t h e  lower s u r f a c e ,  t h e  j u n c t i o n  area w i l l  cause 
a sudden p res su re  drop,  bu t  s i n c e  t h e  lower s u r f a c e  is less c r i t i ca l  t h i s  
should not  s i g n i f i c a n t l y  a f f e c t  t h e  performance of t h e  LEX. A s e c t i o n  
r edes ign  i s  shown i n  F igu re  A-3. The three-dimensional LEX r eg ion  was 
then  b u i l t  by a p p r o p r i a t e  l o f t i n g  between t h e s e  c o n t r o l  s e c t i o n s  us ing  
CATZA. 
The design procedure is used a second t i m e  u s ing  a three-dimensional 
t r a n s o n i c  code--a modified v e r s i o n  of t h e  Jameson f u l l - p o t e n t i a l  f low 
code, FL022NM, which i n c l u d e s  n a c e l l e  and s l i p s t r e a m  e f f e c t s .  Once a 
s a t i s f a c t o r y  wing s u r f a c e  was ob ta ined ,  t h e  QUADPAN program was used t o  
contour  t h e  LEX/nacelle j u n c t i o n  region. A s  might be expected, some of 
t h e  s t e p s  i n  t h i s  p rocess  were repeated t o  r e s o l v e  any undesired behavior. 
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Figure A-2. Aerodynamic Design Procedure for LEX 




Figure A-3. Airfoil Section Modification for LEX 
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APPENDIX B 
CALIBRATION AND DATA REDUCTION FOR 5-HOLE PROBES 
The 5-hole probes were c a l i b r a t e d  i n  t h e  Lockheed-Georgia Company 
CFWT Transonic Wind Tunnel a t  Mach numbers t o  0.95. The c a l i b r a t i o n  
cons i s t ed  of a procedure of p l ac ing  each  r ake ,  i n  t u r n ,  i n  known flow 
cond i t ions  and measuring t h e  p re s su re  a t  each o r i f i c e  on t h e  rake. The 
flow cond i t ions  were v a r i e d  by changing t h e  roll and p i t c h  angle  s e t t i n g s  
of t h e  rake  and vary ing  t h e  test s e c t i o n  Mach number. The v a r i a t i o n s  i n  
flow cond i t ions  are shown below: 
P i t c h  Angle (Theta)  Rol l  Angle (Phi )  Mach Number 
0 t o  22 Degrees i n  0 t o  360 Degrees i n  0.3, 0.6, and 0.9 
2-Degree Increments 15-Degree Increments 
The a c q u i s i t i o n  of t h e s e  d a t a  r equ i r ed  900 runs wi th  each  run con- 
s i s t i n g  of a s i n g l e  flow condi t ion .  Add i t iona l ly ,  d a t a  were acquired f o r  
Mach numbers from 0.2 t o  0.90 i n  M = 0.1 increments and, i n  t h e  range from 
0.90 t o  0.95 i n  M = 0.05 increments f o r  p i t c h  angles  of 0, 10, and 20 
deg rees  and r o l l  ang le s  of 0 and 90 degrees.  
The f i r s t  rake  was a pro to type  and was not f u l l y  c a l i b r a t e d .  It was 
t e s t e d  f o r  development of t h e  c a l i b r a t i o n  procedure and checkout of t h e  
rake design. Rakes 2 and 3 were f u l l y  c a l i b r a t e d  i n  tes t  CFWT 101 and 
t e s t  CFWT 104, r e spec t ive ly .  
The pressure  d a t a  measured a t  each  o r i f i c e  on a probe was used t o  
c a l c u l a t e  func t ions  f o r  probe-sensed flow p i t c h  angle  ( a l p h a ) ,  yaw ang le  
( p s i ) ,  t o t a l  pressure ( H ) ,  and dynamic p res su re  i n  t h e  fo l lowing  manner: 
where Cp is t h e  minimum f ( q )  = cp5 - cpm m 
1’ Cp27 C p y  and c p  4 of c p  
The d a t a  from t h e  cone s t a t i c  were not used i n  gene ra t ing  t h e  cali-  
b r a t i o n  due t o  d i f f i c u l t i e s  i n  ob ta in ing  c o n s i s t e n t  d a t a  from them. 
The c a l i b r a t i o n  procedure f i r s t  produced a set of f(a1pha) and f ( p s i )  
func t ions  f o r  cons t an t  probe p i t c h  and yaw angles.  These func t ions ,  
through i n t e r p o l a t i o n ,  were used t o  determine maps of a lpha  v e r s u s  p s i  f o r  
cons t an t  f(a1pha) and f ( p s i ) .  Th i s  map provided a d i r e c t  look-up t a b l e  
f o r  a lpha  and p s i  once t h e  angle  f u n c t i o n s  were ca l cu la t ed .  
The f ( H )  and f ( Q )  pres su re  f u n c t i o n s  were a l s o  i n t e r p o l a t e d  and 
s t o r e d  i n  look-up t a b l e s  a g a i n s t  cons t an t  va lues  of f(a1pha) and f ( p s i ) .  
Th i s  un ique ly  i d e n t i f i e d  t h e  p re s su re  f u n c t i o n s  over t he  c a l i b r a t e d  angle  
range . 
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I n  t h e  c u r r e n t  computer sof tware  implementation of t h e  probe c a l i b r a -  
t i o n  procedure,  t h e  range of f (a1pha)  and f ( p s i )  w a s  set t o  c o n s i s t e n t  
va lues  f o r  a l l  c a l i b r a t e d  probes. This  r e s u l t e d  i n  t h e  c a l i b r a t e d  range 
of a lpha  and p s i  f o r  each  probe t o  be s l i g h t l y  d i f f e r e n t  from t h e  o t h e r  
probes. The v a r i a t i o n  from probe t o  probe was caused by small d i f f e r e n c e s  
i n  the  probe t i p s  and p o s s i b l y  c u r v a t u r e  of the probe s h a f t s .  The range 
of f(a1pha) and f ( p s i )  w a s  determined by t h e  performance of t h e  worst  
probe of t he  group of probes t h a t  a c a l i b r a t i o n  was t o  be prepared for .  
Th i s  l i m i t a t i o n  could be overcome by s t o r i n g  more d e t a i l e d  c a l i b r a t i o n  
informat ion  about each probe. 
The s t e p s  taken i n  us ing  t h e  c a l i b r a t i o n s  t o  determine t h e  unknown 
l o c a l  f low cond i t ions  from t h e  known f i v e  probe p res su res  du r ing  a flow 
survey tes t  were as fo l lows:  
1. Ca lcu la t e  f (a1pha)  and f(psi) as shown above. 
2. Perform double i n t e r p o l a t i o n  us ing  a lpha  va lues  s t o r e d  versus  
f(a1pha) and f ( p s i )  t o  g e t  flow p i t c h  angle. 
3. Perform double i n t e r p o l a t i o n  us ing  p s i  va lues  s t o r e d  ve r sus  
f (a1pha)  and f ( p s i )  t o  get  flow yaw angle.  
4. Perform double i n t e r p o l a t i o n  us ing  f(H) va lues  s t o r e d  versus  
f(a1pha) and f ( p s i )  t o  g e t  f(H) value.  
5. Perform double i n t e r p o l a t i o n  us ing  f ( q )  va lues  s t o r e d  versus  
f(a1pha) and f ( p s i )  t o  g e t  f(q) value.  
6. Ca lcu la t e  l o c a l  dynamic pressure (4) using: 
q = f ( q )  * qo 
7. Calcu la t e  l o c a l  t o t a l  p re s su re  (H) us ing:  
H = f ( H )  * qo + po 
U = ( f ( q )  / (1.0 + tan(alpha)**2 + t a n  (psi)**2) )**0.5 
V = U * t a n ( p s i )  
W = U * tan(a1pha) 
8. Ca lcu la t e  l o c a l  v e l o c i t y  v e c t o r  components using: 
A l l  d a t a  are i n - t h e  probe axis system which can then  be t r ans -  
formed i n t o  any d e s i r e d  axis system. 
Af t e r  t h e  above c a l c u l a t i o n s  were performed, t h e  b a s i c  flow param- 




Developments i n  computational aerodynamics i n  t h e  p a s t  15 y e a r s  have 
permi t ted  r a p i d ,  e f f i c i e n t ,  and r e l a t i v e l y  accu ra t e  numerical s o l u t i o n s  
of complex subsonic and t r a n s o n i c  flows, The complex aerodynamic flow- 
f i e l d s  tha t  p re sen t  computational methods are capable  of ana lyz ing  are 
exempl i f ied  by numerical  s imula t ions  f o r  wing-mounted t r a c t o r  turboprop 
i n s t a l l a t i o n s  wi th  i n t e g r a t e d  n a c e l l e s  and s w i r l i n g  s l ip s t r eams .  The 
following paragraphs d e s c r i b e  t h e  computational methods which were used t o  
assess t h e  PTA c o n f i g u r a t i o n ,  i d e n t i f y  p o t e n t i a l  problem areas, assess 
p o s s i b l e  des ign  mod i f i ca t ion  remedies and des ign  t h e  LEX region. 
PROPELLER/PANEL METHOD THEORY 
Two primary computer programs are u t i l i z e d .  The f i r s t  i s  a r e l i a b l e  
p r o p e l l e r  performance code ,  (PROPVRTX), which a l lows  major c h a r a c t e r i s t i c s  
of t h e  s l i p s t r e a m  t o  be determined. The code p r e d i c t s  t h e  s l i p s t r e a m  
p r o p e r t i e s  produced by a p r o p e l l e r  of g iven  geometry and advance r a t i o .  
The undis turbed  s l i p s t r e a m  i s  def ined  by i t s  boundary shape and t h e  r a d i a l  
d i s t r i b u t i o n  of t h e  l o c a l  v o r t i c i t y ,  induced v e l o c i t y ,  and s w i r l  angle. 
The r e s u l t s  from t h i s  code are i n  very  good agreement wi th  test  d a t a .  The 
second primary code i s  QUADPAN, Lockheed's advanced low-order, th ree-  
dimensional panel method. QUADPAN has been widely used i n  t h e  a i r p l a n e  
des ign  process  f o r  t h e  a n a l y s i s  of geomet r i ca l ly  complex c o n f i g u r a t i o n s  
and t h e  r e s u l t s  have been h ighly  r e l i a b l e .  For t h e  PTA c o n f i g u r a t i o n ,  
QUADPAN is uniquely q u a l i f i e d  t o  provide a good geometric r e s o l u t i o n  i n  
t h e  i n t r i c a t e  n a c e l l e  / i n l e t  region. Add i t iona l ly ,  t h e  method i s  
r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  s i z e  and shape of t h e  panel elements because 
i t  employs an i n t e r n a l  p o t e n t i a l  ( D i r i c h l e t )  boundary condi t ion .  The 
s o l u t i o n  output  c o n s i s t s  of l o c a l  p r e s s u r e  c o e f f i c i e n t s  f o r  a l l  s u r f a c e  
pane ls ,  flow c o n d i t i o n s  a t  s p e c i f i e d  p o i n t s  i n  t h e  e x t e r n a l  f low f i e l d ,  
and f o r c e s  and moments f o r  the  t o t a l  c o n f i g u r a t i o n  as w e l l  as f o r  i t s  
component p a r t s .  The two codes are i n t e r f a c e d  wi th  t h e  e f f e c t  of t h e  
s l ipstream being simulated through a r e s t a t emen t  of t h e  s u r f a c e  boundary 
cond i t ions  t o  inc lude  v e l o c i t y  p e r t u r b a t i o n s  due t o  t h e  p r o p e l l e r .  The 
p res su re  on t h e  s u r f a c e s  washed by t h e  s l i p s t r e a m  are a p p r o p r i a t e l y  
c o r r e c t e d  f o r  t h e  p re s su re  i n c r e a s e  a c r o s s  t h e  p r o p e l l e r  d i s k .  Th i s  
approach i s  s imilar  t o  one p rev ious ly  employed on a wing a n a l y s i s  program 
w i t h  s a t i s f a c t o r y  r e s u l t s .  
PROPELLER EFFECTS SUBROUTINE 
The e f f e c t  of the  p r o p e l l e r  on t h e  n a c e l l e  i s  c a l c u l a t e d  by means of 
a r i g i d  s l i p s t r e a m  model which provides the  v a r i a t i o n  of ax i a l  v e l o c i t y  
w i t h  a semi - in f in i t e  h e l i c a l  vo r t ex  system. The s l i p s t r e a m  c o n t r a c t i o n  i s  
found from the  a p p l i c a t i o n  of t h e  c o n t i n u i t y  p r i n c i p l e  t o  t h e  s l i p s t r eam.  
A s  t h e r e  i s  a p re s su re  r ise through t h e  p r o p e l l e r  d i s k  due t o  t h e  addi- 
t i o n a l  energy inpu t  from t h e  p r o p e l l e r ,  i t  i s  necessary  t o  inc lude  t h i s  
e x p l i c i t l y  i n  t h e  c a l c u l a t i o n .  The p res su re  7 ;e can be expressed i n  
terms of t h e  v e l o c i t y  of t h e  f u l l y  c o n t r a c t e d  s l ip s t r eam.  The proper 
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l e v e l  of t h r u s t  is  s imula ted  by s c a l i n g  t h e  ax ia l  and t a n g e n t i a l  v e l o c i t y  
d i s t r i b u t i o n s  t o  correspond t o  a d e s i r e d  power c o e f f i c i e n t  Cp, and 
advance r a t i o  J. The s l i p s t r e a m  d a t a  were de r ived  from experimental  rake 
d a t a  f o r  a g iven  ?ewer c o e f f i c i e n t  and advance r a t i o  and i n t e g r a t e d  t o  
g ive  an average s w i r l  angle  and average ax ia l  v e l o c i t y  increment. The 
r a d i a l  d i s t r i b u t i o n  i s  kept  t h e  same f o r  a l l  advance r a t i o s  and t h e  magni- 
t ude  is  co r rec t ed  by s c a l i n g  t h e  i n t e g r a t e d  va lues  t o  g i v e  t h e  d e s i r e d  
t h r u s t  l e v e l .  
COMPUTATIONAL MODELING 
The b a s i c  s t e p s  i n  computational aerodynamic des ign  are: ( I )  t h e  
s u r f a c e  geometric d e f i n i t i o n ,  ( 2 )  aerodynamic a n a l y s i s ,  and ( 3 )  perform- 
ance eva lua t ion .  The geometry must be i n  a form t h a t  allows r ap id  access, 
and i t  must d e f i n e  t h e  c o n f i g u r a t i o n  t o  t h e  a p p r o p r i a t e  degree  of accuracy 
and d e t a i l .  
The engineer ing  a n a l y s i s  is  c a r r i e d  ou t  by e i t h e r  tests o r  by a 
computation of a mathematical simulation. C e r t a i n  requirements f o r  t h e  
computational codes must be m e t  t o  ensure  t h e i r  e f f e c t i v e n e s s  i n  t h e  
des ign  procedure. The numerical model must adequate ly  s imula t e  t h e  
p e r t i n e n t  physics of t h e  flow, such a s  t h e  in f luence  of t h e  p r o p e l l e r  
s l i p s t r e a m  and of t h e  presence of shock waves i n  the  t r a n s o n i c  regime. 
The computer codes should be capable of handling complex geometric shapes 
such as t h e  i n t r i c a t e  n a c e l l e - i n l e t  r eg ion  t y p i c a l  of a t r a c t o r  turboprop 
conf igu ra t ion .  The codes a r e  a l s o  r equ i r ed  t o  have a r ap id  turn-around 
t i m e ,  and they must n o t  depend on ex tens ive  manipulation of t h e  i n p u t  d a t a  
t o  achieve  a s u c c e s s f u l  run. The inpu t  and output  d a t a  management should 
p r e f e r a b l y  be automated. Performance e v a l u a t i o n  is  c a r r i e d  ou t  us ing  t h e  
acqui red  d a t a  t o  de te rmine  t h e  e x t e n t  t o  which t h e  des ign  o b j e c t i v e s  have 
been m e t  and t o  d e c i d e  what c o n f i g u r a t i o n a l  changes are needed. To c a r r y  
out  t h e  eva lua t ion  r a p i d l y ,  automated p l o t t i n g  r o u t i n e s  of t h e  important 
parameters must be a v a i l a b l e  and where t h e  c a p a b i l i t y  e x i s t s  p l o t t i n g  
contours  and s u r f a c e  c o l o r  shading i s  a b i g  h e l p  i n  examining t h e  enormous 
amount of in format ron  tha t  can be e x t r a c t e d  from these  computational 
codes. 
Su r face  Geometric D e f i n i t i o n  
The C A T I A  computer system, which was developed by Dassaul t  of France, 
w a s  used t o  manipulate and s t o r e  t h e  c o n f i g u r a t i o n  geometry. C A T I A ,  is  an 
i n t e r a c t i v e ,  three-dimensional geometry system f o r  computer-aided des ign  
and manufacturing. The system a l lows  the  r ap id  gene ra t ion  of e i t h e r  t h e  
complete conf igu ra t ion  o r  any p a r t  of t h e  conf igu ra t ion ,  and allows t h e  
p a r t  t o  be viewed as a three-dimensional drawing from any view poin t .  A 
two-dimensional s e c t i o n  a t  any p lane  can a l s o  be defined. I n  a d d i t i o n ,  
t h e  geometric d e f i n i t i o n  can be obta ined  i n  any d e s i r e d  coord ina te  system. 
These f e a t u r e s  of t h e  CATIA system p e r m i t  r ap id  and s i m p l i f i e d  success ive  
c o n f i g u r a t i o n  changes. 
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Engineering Analysis 
The QUADPAN program meets t h e  code requirements s t i p u l a t e d  above with 
t h e  except ion  of c a l c u l a t i n g  t r anson ic  flows wi th  shock waves. QUADPAN 
allows adequate r e p r e s e n t a t i o n  of t he  complex i n l e t  geometry by subdivid- 
i n g  t h e  s u r f a c e  i n t o  a l a r g e  number of small panels.  Unfortunately,  run 
t i m e  and run c o s t  i nc rease  almost wi th  t h e  t h i r d  power of t he  number of 
pane ls ,  so compromises must be made. A f u l l  model wi th  5,000 panels  
t y p i c a l l y  took 20 t o  30 minutes of CPU t i m e  and 500 megabytes of 
high-speed d i s k  s to rage  on t h e  Lockheed CRAY W / 2 4  dua l  processor  
supercomputer and is  c u r r e n t l y  seen as t h e  l i m i t  of modeling dens i ty .  
I n  order  t o  properly s imula te  t h e  physics  of t h e  flow, t h r e e  flow 
s i t u a t i o n s  r equ i r e  s p e c i a l  a t t e n t i o n .  These are f low from t h e  wing trail-  
ing  edge, t he  j e t  from t h e  engine exhaus t ,  and t h e  i n t e r n a l  f low through 
t h e  engine. 
A i r c r a f t  Wake Treatment 
I n  the  r e a l  world, a f l u i d  l eaves  from the  sharp  t r a i l i n g  edge of a 
wing as a r e s u l t  of v i scous  e f f e c t s ,  c r e a t i n g  the  so-called Kutta con- 
d i t i o n ,  where the  outf low i s  smooth and nea r ly  tangent  t o  t h e  t r a i l i n g  
edge. Since a panel program does not  model v i s c o s i t y ,  i t  i s  necessary t o  
in t roduce  a t h i n  vo r t ex  s h e e t  a t  t h e  sepa ra t ion  l i n e  along the  t r a i l i n g  
edge. This  shee t  of v o r t i c i t y  or wake l o c a t e s  the  lead ing  edge stagna- 
t i o n  po in t ,  and so f i x e s  the  wing's c i r c u l a t i o n ,  or l i f t .  C lea r ly ,  t he  
proper t reatment  of t h e  wake is  of importance i n  a method t h a t  assumes the  
flow is otherwise i r r o t a t i o n a l  and inv i sc id .  
The s i t u a t i o n  f o r  t he  PTA conf igu ra t ion  i s  complicated by the  l a r g e  
over-the-wing n a c e l l e ,  s i n c e ,  i n  r e a l i t y ,  a Kutta cond i t ion  i s  a l s o  
s a t i s f i e d  along t h e  sharp  edges of t he  n a c e l l e ' s  a f t  end, and around the  
circumference of t h e  tu rbosha f t  engine ' s  exhaust nozzle. To model t h i s  
geometry, i t  w a s  decided t o  approximate t h e  a f t  end of the  nace l l e  a s  a 
cone t ape r ing  down t o  a very  long cy l inde r  represent ing  the  engine exhaust 
plume. Although both t h e  exhaust  cone and exhaust  plume a r e  represented  
i n  t h e  model as s o l i d  s u r f a c e s ,  t he  aerodynamic fo rces  on them a r e  not 
d i r e c t l y  included a s  f o r c e s  on t h e  a i r c r a f t .  The wing wake is then 
a t tached  t o  the  taper of t h e  exhaust cone i n  a fashion s i m i l a r  t o  the  
t reatment  of t h e  wing/fuselage junc tu re ,  s e a l i n g  u l t i m a t e l y  along the  
s i d e s  of t he  ( s o l i d )  plume. 
Since a t h e o r e t i c a l l y  i l l -posed  problem can resul t  from over- 
spec i fy ing  su r face  boundary cond i t ions ,  t h e  exhaust  plume te rmina tes  i n  a 
d i s k  where only t h e  p o t e n t i a l  boundary cond i t ion  i s  appl ied.  The doublet  
s t r e n g t h  i s  thus  set ,  and t h e  required source  s t r e n g t h  f o r  t h i s  condi t ion  
may be ca lcu la ted .  
I n t e r n a l  Flow Simulat ion 
. It i s  most important t o  be ab le  t o  s imula te  flow i n t o  t h e  i n l e t ,  and 
i t  should correspond t o  a prescr ibed  mass flow r a t i o .  Panel  programs 
provide a n a t u r a l  means of modeling i n l e t  f low inges t ion  by a s i m p l e  
res ta tement  of t h e  panel  boundary condi t ion.  The QUADPAN code has  the  
opt ion  t o  use permeable pane ls  on which t h e  normal v e l o c i t y  is s p e c i f i e d  
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by the  u s e r  t o  correspond t o  the  requi red  mass flow a t  t h e  engine  cam- 
p res so r  face.  For incompressible flow, t h e  v e l o c i t y  induced by the  
s i n g u l a r i t i e s  a t  t h e  c o n t r o l  po in t  of t h e  permeable pane l  w i l l  e x a c t l y  
equa l  t h e  s p e c i f i e d  v e l o c i t y .  This is no t  t r u e  f o r  compressible flow, as 
t h e  compress ib i l i t y  c o r r e c t i o n  i n  QUADPAN assumes t h a t  t h e  pane ls  are 
n e a r l y  p a r a l l e l  t o  t h e  f r ees t r eam,  and t h e  l i n e a r i z a t i o n  of the Prandtl-  
Glauer t  equa t ions  upon which t h e  panel method i s  founded is accura t e  only  
t o  f i r s t  order.  The re fo re ,  a pane l  t h a t  s t a n d s  normal t o  f r e e s t r e a m  flow, 
as i n  t h e  case of an i n l e t  f a c e  or  s t a g n a t i o n  p o i n t ,  v i o l a t e s  t hese  
assumptions and w i l l  have cons ide rab le  leakage of f l u i d  through i ts  
su r face .  Consequently, a s p e c i f i e d  v e l o c i t y  corresponding t o  a h igher  
mass f low than t h a t  d e s i r e d  is  inpu t  f o r  compressible cases. The primary 
powerplant t u r b o j e t  eng ine  n a c e l l e s  are much easier t o  s imula t e  and are 
t r e a t e d  as simple flow-through ducts .  Power e f f e c t s  can be s imula ted  by 
p l ac ing  a d i s k  wi th  a p re sc r ibed  normal v e l o c i t y  a t  t h e  engine  compressor 
f a c e ,  and t r e a t i n g  t h e  exhaus t  i n  t h e  same way a s  t h e  a f t  end of t h e  
tu rbosha f t  engine exhaus t  plume, wi th  a c y l i n d r i c a l  wake t o  enforce  t h e  
Kutta condition. 
Performance Evalua t ion  
The conf igu ra t ion  performance i s  eva lua ted  by f i r s t  de te rmining  t h e  
e x t e n t  t o  which t h e  des ign  o b j e c t i v e s  have been m e t ,  and then i d e n t i f y i n g  
regions where aerodynamic behavior is unacceptable o r  improvements are 
d e s i r a b l e .  To make t h e  e v a l u a t i o n  r a p i d l y ,  automated p l o t t i n g  f o r  t h e  
p e r t i n e n t  parameters is  ava i l ab le .  The mathematical s imula t ion  r e s u l t s  
can be d isp layed  i n  four  d i f f e r e n t  ways: (1)  p re s su re  d i s t r i b u t i o n  p l o t s ,  
( 2 )  v e l o c i t y  vec to r  p l o t s ,  ( 3 )  f o r c e  and moment p l o t s ,  and ( 4 )  i so-  
parameter p lo t s .  P re s su re  p l o t s  h e l p  l o c a t e  adverse p r e s s u r e  g r a d i e n t  
r eg ions ,  as i s  t h e  case due t o  the  upwash from t h e  propfan s l ip s t r eam.  
Velocity-vector p l o t s  a l l o w  f lowf ie ld  d a t a  a t  t h e  p r o p e l l e r  p l ane  t o  be  
examined. Force and moment p l o t s  are e s s e n t i a l  t o  determine t h e  loads  on 
va r ious  components of t h e  conf igura t ion .  Iso-parameter p l o t s  h e l p  l o c a t e  
reg ions  of unusual a i r f l o w  a c t i v i t y  i n  areas such as t h e  nace l le /wing  
j u n c t u r e ,  and a l lows  an assessment of t h e  blending t o  be made. Sur face  
c o l o r  shadings t h a t  r ep resen t  l o c a l  p re s su re  c o e f f i c i e n t s  a r e  a b i g  h e l p  
i n  examining the  enormous amount of in format ion  t h a t  can be e x t r a c t e d  from 
t h e s e  compu t a  t iona 1 code s. 
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APPENDIX I) 
DRAG DATA ANALYSIS 
. 
TURBOPROP DRAG BOOKKEEPING 
The p r e d i c t i o n  of f u l l  scale turboprop a i r c r a f t  performance from wind 
tunnel  d a t a  r e q u i r e s  a p p r o p r i a t e  tests t o  i d e n t i f y  t h e  e f f e c t  of i n s t a l l a -  
t i o n  on p r o p e l l e r  performance and l i k e w i s e  t h e  e f f e c t  of t h e  s l i p s t r e a m  on 
a i r f r ame  performance. I s o l a t e d  p r o p e l l e r  performance i s  a p r e r e q u i s i t e  t o  
t h e  proper  i d e n t i f i c a t i o n  of t h e  va r ious  t h r u s t  and d rag  components such 
t h a t  manufacturers a c t i n g  wi th  i s o l a t e d  engine ,  p r o p e l l e r ,  and a i r c r a f t  
d a t a  can p r e d i c t  t h e  whole a i r c r a f t  performance. I n  t h e  PTA Program, 
i s o l a t e d  propuls ion  c h a r a c t e r i s t i c s  were t o  be obta ined  by c a l i b r a t i o n  of 
t h e  wind tunnel  propuls ion  hardware, i.e., t h e  p r o p e l l e r  and exhaust 
nozz le  p r i o r  t o  complete model tests. 
Thrus t  genera ted  by t h e  i n s t a l l e d  p r o p e l l e r  i s  then  compared t o  t h a t  
of t h e  i s o l a t e d  p r o p e l l e r  a t  t he  same f r ees t r eam Mach number, advance 
r a t i o ,  and blade p i t c h  s e t t i n g .  P r o p e l l e r  performance is  extremely sens i -  
t i v e  t o  b lade  p i t c h  s e t t i n g ,  and because i t  i s  so  d i f f i c u l t  t o  a c c u r a t e l y  
r epea t  p i t c h  s e t t i n g  for t h e  i s o l a t e d  p r o p e l l e r  and t h e  i n s t a l l e d  config- 
u r a t i o n ,  t h r e e  propfan r o t o r  sets were employed w i t h  d i f f e r e n t  blade-pitch 
ang le s  f i x e d  and undis turbed  throughout t h e  tests. 
The drag  p o l a r s  f o r  each s p e c i f i c  c o n f i g u r a t i o n  inc lude  i n t e r f e r e n c e  
e f f e c t s  due t o  t h e  i n s t a l l a t i o n  of t h e  propuls ion  un i t .  The e f f e c t i v e  
d r a g  c o e f f i c i e n t  i s  de f ined  as: 
c = c  - c  - c  
D~~~ D~~~ tISO tJET 
where t h e  i s o l a t e d  p r o p e l l e r  t h r u s t ,  C t  , i s  found from t h e  i s o l a t e d  
p r o p e l l e r  performance tes t  a t  t he  same f r ees t r eam Mach number, advance 
i s  t h e  t h r u s t  due t o  t h e  exhaust r a t i o  , and b lade  p i t c h  s e t t i n g .  
and i s  obta ined  from t h e  exhaust nozzle c a l i b r a t i o n .  
P r o p e l l e r  i n t e r f e r e n c e  d rag  i s  obta ined  f o r  t h e  g iven  conf igu ra t ion  
by s u b t r a c t i n g  t h e  propel le r -of f  d rag  from t h e  e f f e c t i v e  drag: 
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PRESENT WIND TUNNEL DRAG DATA ANALYSIS 
During t h e  PTA wind-tunnel t e s t i n g ,  dynamic v i b r a t i o n s  wi th  t h e  
i s o l a t e d  p r o p e l l e r l n a c e l l e  conf igu ra t ion  precluded t h e  c a l i b r a t i o n  of t h e  
119-scale p r o p e l l e r  a t  Mach numbers above 0.4; t hus ,  t h e  e f f e c t i v e  drag  
c o e f f i c i e n t  cannot be obtained. The wind tunne l  d a t a  i s  reduced us ing  t h e  
hub-balance t h r u s t  measurement t o  o b t a i n  the  model propel le r -on  drag. 
Th i s  i s  de f ined  as follows: 
JET - ct DPo D~~~ t~~ 
C = c  - c  
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The propeller-on d rag  is  t h e  drag  of t h e  conf igu ra t ion  with the  pro- 
p e l l e r  t h r u s t  ( C t H B > ,  as measured by t h e  hub-balance, and t h e  j e t  t h r u s t  
(CtJET) removed. CDPO has a l l  t h e  e f f e c t s  of t h e  s l i p s t r e a m  on t h e  wing 
which inc ludes  a t h r u s t  term r e s u l t i n g  from the d e n o t a t i o n  of the s l i p -  
stream and scrubbing d rag  due t o  t h e  a d d i t i o n a l  dynamic p res su re  wi th in  
t h e  slipstream. A t  h i g h  Mach numbers, the s l i p s t r e a m  al ters  t h e  shock 
wave p a t t e r n  on t h e  wing and t h e  r e s u l t a n t  increment i n  f o r c e  is dependent 
on t h e  mutual t r a n s o n i c  i n t e r a c t i o n s  which may o r  may not  be favorable .  
I n  t h e  r educ t ion  of t h e  t h r u s t / d r a g  d a t a  f o r  t h e  PTA 1/9-scale 
model, a number of d a t a  sou rces  were u t i l i z e d .  These included t h e  cor re-  
l a t i o n  of t h e  ba lance  tempera ture  c o r r e c t i o n ,  i n t e r n a l  drags  f o r  t h e  Spey 
and powered n a c e l l e s ,  propfan d r i v e  motor horsepower c o r r e l a t i o n ,  
unpowered model d rag  p o l a r ,  and f i n a l l y ,  f o r c e  components f o r  t h e  fu l l -up  
PTA a i r p l a n e  model running under power. Addi t iona l  components, such as 
tares and base d rag  components, were inc luded  where appropr ia te .  
INTERNAL DRAG, SPEY NACELLES 
The Spey n a c e l l e s  f o r  t h e  PTA model were instrumented more than i s  
normally done f o r  flow-through n a c e l l e s  on a wind tunnel  model. I n  addi- 
t i o n  t o  t h e  s t a t i c s  near t h e  e x i t ,  there were f o u r  rakes  wi th  t h r e e  
probes each loca ted  a t  t h e  s imula ted  compressor face.  These were designed 
t o  measure p o s s i b l e  flow d i s t o r t i o n  caused by t h e  propfan n a c e l l e  s l i p -  
stream. 
An i n t e r n a l  d rag  computation procedure f o r  t h e  Spey n a c e l l e s  was 
developed and allows f o r  i n l e t  t o t a l  p re s su res  d i f f e r e n t  from f rees t ream.  
Entry t o t a l  p re s su res  were obtained by working forward from t h e  rakes  
assuming t h e  only  duc t  l o s s  t o  be t h a t  of i n t e r n a l  f r i c t i o n .  A duc t  
p re s su re  loss f a c t o r  w a s  inc luded  f o r  t h e  e f f e c t  of t h e  r akes  themselves. 
The c o s i n e  e f f e c t  on t h e  recovered e x i t  t h r u s t  produces a s l i g h t  angle-of- 
a t t a c k  (Alpha) and n a c e l l e  inc idence  e f f e c t  on i n t e r n a l  d rag  and t h e r e  is  
a l s o  a l i f t  e f f e c t  which i s  a r e l a t i v e l y  small percentage of the t o t a l  
l i f t ,  bu t  i s  n e v e r t h e l e s s  a s i g n i f i c a n t  number. Both the i n t e r n a l  drag  
and t h e  i n t e r n a l l y  genera ted  incremental  l i f t  increments have been com- 
puted. 
INTERNAL DRAG, POWERED NACELLE 
The i n l e t  f o r  t h e  powered n a c e l l e  is followed by flow-through duct  
wi th  a f a i r l y  complex i n t e r n a l  shape. I t  has  a 5-tube t o t a l  p re s su re  rake 
assembly a t  t h e  i n l e t  e n t r y  t o  measure t h e  t o t a l  pressure.  S ince  t h e  
i n l e t  i s  loca ted  behind t h e  prop, t h e  t o t a l  temperature as w e l l  as the 
t o t a l  p re s su re  of t h e  stream is a f f ec t ed .  The i n t e r n a l  d rag  computation 
f o r  t h i s  n a c e l l e  i n c l u d e s  t h i s  temperature change. The procedure a l s o  
accounts f o r  f r i c t i o n ,  expansion, and t u r n i n g  l o s s ,  which occur s  i n s i d e  




AF Balance a x i a l  f o r c e  
BL Butt-Line - la teral  p o s i t i o n  measured from a i r c r a f t  c e n t e r l i n e  
Drag c o e f f i c i e n t  
Rol l ing  moment c o e f f i c i e n t  
L i f t  c o e f f i c i e n t  

























Pi t ch ing  moment c o e f f i c i e n t  a t  zero l i f t  
Yawing moment c o e f f i c i e n t  
Pressure  c o e f f i c i e n t  
Pressure  c o e f f i c i e n t  corresponding t o  Mach 1.0 
Power c o e f f i c i e n t  
Thrust  c o e f f i c i e n t  
Side fo rce  c o e f f i c i e n t  
Prop diameter 
Drag 
Fuselage r e fe rence  l i n e  
T o t a l  p re s su re  
Freestream t o t a l  pressure 
Horsepower 
P r o p e l l e r  advance r a t i o ,  V 0 b d  
L i f t  
Mach number 
Freestream Mach number 




NF Balance normal f o r c e  
NT Nacelle Inc idence  Angle 
PW Balance p i t c h i n g  moment 
P S t a t i c  p r e s s u r e  
Freestream s t a t i c  p res su re  PO 
9 Dynamic p re s s u r e  
Freestream dynamic p res su re  40 
RM Balance r o l l i n g  moment 
Rrl Neu t ra l  p o i n t  
SF Balance s i d e  f o r c e  
SQRT Square r o o t  
TC o r  TC Thrust c o e f f i c i e n t  
U Axia l  v e l o c i t y  i n  p r o p e l l e r  coord ina te s  
V Lateral  v e l o c i t y  I n  p r o p e l l e r  coord ina te s  
W Vertical v e l o c i t y  i n  p r o p e l l e r  coord ina te s  
Freestream v e l o c i t y  





1 d i s t a n c e  from l ead ing  edge wing chord Chordwise wing p o s i t i o n  ( 
1 d i s t a n c e  from n a c e l l e  s t a t i o n s  Lengthwise n a c e l l e  p o s t t i o n  ( nacelle length 
YM Balance yawing moment 
Greek Symbols 
a A i r c r a f t  ang le  of a t t a c k  
P r o p e l l e r  a n g l e  of a t t a c k  t CY 
P A i r c r a f t  yaw ang le  
B P r o p e l l e r  b lade  p i t c h  angle  
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SYMBOLS (CONTINUED) 
Aileron d e f l e c t i o n  
Rudder d e f l e c t i o n  
S t a b i l i z e r  d e f l e c t i o n  
7) Spanwise wing s t a t i o n  i n  percent  of semi-span dimension 
CL Azimuth ang le  i n  p r o p e l l e r  p lane  
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